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Chapter 1 
I n t r o d u c t i o n 
The p r e s e n c e o f an i o n i z i n g r a d i a t i o n i n the atmos-
phere has been known s i n c e the e a r l y e x p e r i m e n t s of Hess, 
( 1 9 1 2 , 1 9 1 3 ) , and K o l h o r s t e r , ( 1 9 1 4 - 1 9 1 9 ) . The assumed 
o r i g i n l e d t o the name 'cosmic r a d i a t i o n * w h i c h i s now 
g e n e r a l l y a p p l i e d to the v a r i o u s f o r m s i t t a k e s a l t h o u g h 
i t i s now known t h a t 'cosmic rays' a r e m a i n l y p a r t i c l e s . 
i h e p r i m a r y component of t h e cosm i c r a d i a t i o n w h i c h 
i s i n c i d e n t on t h e e a r t h has been shown to c o n s i s t m a i n l y 
of p r o t o n s , w i t h about 20f-- of o < - p a r t i c l e s and h e a v i e r 
n u c l e i . The p r i m a r y p r o t o n s o f t h e r a d i a t i o n i n t e r a c t 
w i t h the oxygen and n i t r o g e n n u c l e i , of which the atmos-
-2 
p h e r e i s m a i n l y composed, i n t h e f i r s t 100 gm.cm o r so. 
I n t h e s e i n t e r a c t i o n s , h i g h energy n u c l e o n s , u n s t a b l e 
mesons and hyperons a r e produced. 
The p r i m a r y p a r t i c l e l o s e s o n l y about 40$ of i t s 
e n e r g y i n t h e f i r s t c o l l i s i o n and so i t can c o n t i n u e and 
make f u r t h e r c o l l i s i o n s u n t i l a l l of the energy i s d i s -
s i p a t e d . The a b s o r p t i o n 1ength of the r a d i a t i o n i s about 
-2 
120 gm.cm . S i n c e the t o t a l depth of the atmosphere i s 
-2 
about 1000 gm.cm , t h e p r o b a b i l i t y of a p r i m a r y cosmic 
r a y s u r v i v i n g to r e a c h s e a - l e v e l i s thu s v e r y s m a l l . 
The u n s t a b l e mesons c o n s i s t m a i n l y of Tf-mesons, both 
charged and n e u t r a l , and a s m a l l e r p r o p o r t i o n of h e a v i e r 
mesons. The f f - m e s o n s can f u r t h e r , . i n t e r a c t w i t h n u c l e i o r 
decay. The ff-meson decays w i t h a l i f e t i m e o f 2.6 x 10~^ 
aec. i n t o a /4-meson and a n e u t r i n o . I n t h e absence o f ^ 
i n t e r a c t i o n , the average d i s t a n c e t r a v e r s e d by the 
charged "fT-meson b e f o r e decay, can be shown to be about 55. 
p^ - m e t r e s , where -p^ i s the TT^-meson momentum i n GeV/c. The 
p r o b a b i l i t y of the competing p r o c e s s of i n t e r a c t i o n o c c u r -
r i n g depends on the h e i g h t of p r o d u c t i o n of the'C-meson. 
Under the s i m p l i f y i n g assumption t h a t t h e s e mesons a r e 
— 2 
produced 100 gm.cm b e l o w the top of the atmosphere (15 
km above s e a - l e v e l ) , and t a k i n g the measured i n t e r a c t i o n 
-2 
l e n g t h o f about 70 gm.cm , t h e mean f r e e p a t h b e f o r e 
i n t e r a c t i o n i s then about 2000 m e t r e s . Decay and i n t e r -
a c t i o n s a r e t h e r e f o r e e q u a l l y p r o b a b l e a t a T^-meson energy 
of about 40 GeV. Thus n e a r l y a l l fCmesons w i t h e n e r g i e s 
b e l o w about 40 GeV w i l l decay w h i l e o n l y a s m a l l f r a c t i o n 
of t h o s e above 40 GeV w i l l do s o . The mesons t r a v e l l i n g 
i n the l e s s dense h i g h e r r e g i o n s of the atmosphere have a 
h i g h e r p r o b a b i l i t y of decay than t h o s e of the same energy 
moving i n d e n s e r r e g i o n s l o w e r i n the atmosphere. 
The heavy mesons and hyperons a r e removed by s i m i l a r 
competing p r o c e s s e s ; the decay schemes of some K-mesons 
w i l l c o n t r i b u t e a few M-mesons a t v e r y h i g h e n e r g i e s , t h e 
p r o p o r t i o n of the t o t a l k-meson component d e r i v e d from 
t h e s e s o u r c e s depending on the f r a c t i o n of the p r i m a r y 
3. 
e n e r g y a v a i l a b l e f o r heavy meson p r o d u c t i o n . 
The n e u t r a l if-mesons p r o d u c e d i n t h e p r i m a r y i n t e r -
— i ft 
a c t i o n h a v e a s h o r t mean l i f e t i m e , a b o u t 10" s e c , and 
decay i n t o two p h o t o n s which, i f o f s u f f i c i e n t l y h i g h 
e n e r g y , m a t e r i a l i s e i n t h e p r e s e n c e o f n u c l e i t o f o r m 
e l e c t r o n p a i r s . These can f u r t h e r l o s e e n e r g y by brem-
s s t r a h l u n g p r o c e s s e s and t h e r e s u l t a n t cascade f o r m s t h e 
e l e c t r o n - p h o t o n component of the l a r g e e x t e n s i v e a i r 
s h o w e r s . 
The TT-mesons produced i n t h e a t m o s p h e r e by the p r i -
mary p r o t o n s , a n d which s u b s e q u e n t l y decay to p r o d u c e 
/(.i-mesons or by e l e c t r o m a g n e t i c i n t e r a c t i o n s produce 
e l e c t r o n - p h o t o n c a s c a d e s , for a the two main t y p e s of the 
cosmic r a d i a t i o n a t s e a - l e v e l . The a - i e s o n s a r e w e a k l y 
i n t e r a c t i n g and because o f t h e i r a b i l i t y to p e n e t r a t e 
moderate t h i c k n e s s e s of m a t t e r ( g r e a t e r than about 10 cm 
of P b ) , form the l a r g e r p r o p o r t i o n of what i t i s c u s t o -
mary to c a l l the h a r d component of the s e a - l e v e l cosmic 
r a d i a t i on. They^-mesons have c o m p a r a t i v e l y l o n g l i f e -
-6 
t i m e s , about 2.2 x 10 s e c , and so can r e a c h s e a - l e v e l 
and a l s o p e n e t r a t e u n d e r g r o u n d . The range o f y^-mesons 
i n a i r b e f o r e decay i s about 6000 p,.A m e t r e s , where p^ 
i s t h e M-meson momentum i n GeV/c,so t h a t most/*t-mesons, 
h a v i n g momenta g r e a t e r than about 3 G-eV/c and d e r i v e d 
f r o m the decay of TT-mesons produced i n t h e f i r s t p r i m a r y 
i n t e r a c t i o n , w i l l s u r v i v e to s e a - l e v e l , but a t lower 
4. 
momenta, decay, and the l o s s of energy i n c o l l i s i o n 
p r o c e s s e s i n the atmosphere, w i l l r e s u l t i n a d e c r e a s e 
i n t h e s e a - l e v e l i n t e n s i t y of ,.1-mesons. 
Th u s , a t s e a - l e v e l , t h e r a d i a t i o n w i t h e n e r g i e s 
above 1 GeV c o n s i s t s m a i n l y of/"-mesons t o g e t h e r w i t h 
a s m a l l f l u x o f p r o t o n s , a b o u t I f i , and s m a l l e r f l u x e s 
of "fi-mesons and e l e c t r o n s . S i n c e the observed p a r t i c l e s 
i n the h a r d component a r e d e r i v e d from p r i m a r y c o l l i s i o n s 
which take p l a c e f a r above s e a - l e v e l , they w i l l appear to 
be unaccompanied when observed over t h e dimensions of 
2 
a p p a r a t u s of moderate s i z e , about lm , a t s e a - l e v e l . 
The h a r d component a t s e a - l e v e l has been the s u b j e c t 
of many i n v e s t i g a t i o n s . I n p a r t i c u l a r , the momentum 
/Hie /We 
spectrum and t h e r a t i o of/number' of p o s i t i v e to/number » 
o f negative/«-mesons i n the n e a r v e r t i c a l d i r e c t i o n , have 
been e x t e n s i v e l y measured i n v a r i o u s energy r a n g e s by 
many workers u s i n g d i f f e r e n t t e c h n i q u e s . These q u a n t i t i e s 
a r e of p a r t i c u l a r i n t e r e s t , s i n c e , by e r e c t i n g t h e appro-
p r i a t e d i f f u s i o n e q u a t i o n s f o r the p r o p a g a t i o n o f the 
p a r t i c l e s i n t h e atmosphere, i t i s p o s s i b l e to work back 
to the spectrum of Tf-mesons on p r o d u c t i o n i n the h i g h 
energy c o l l i s i o n s . Comparison of t h i s spectrum w i t h the 
p r i m a r y spectrum then y i e l d s i n f o r m a t i o n on the n u c l e a r 
p r o c e s s e s a t h i g h e n e r g i e s . F u r t h e r , the s e a - l e v e l /u~ 
meson spectrum can be compared w i t h the measured i n t e n s i t y 
o f p a r t i c l e s as a f u n c t i o n o f d e p t h u n d e r g r o u n d . T h i s 
c o m p a r i s o n y i e l d s i n f o r m a t i o n on t h e e n e r g y l o s s p r o -
c e s s e s o f -li-mesons w h i c h can t h e n be used t o e x t e n d t h e 
k n o w l e d g e o f t h e s p e c t r u m o f 4i-mesons t o h i g h e r e n e r g i e s 
u s i n g t h e u n d e r g r o u n d i n t e n s i t i e s . 
The p r e s e n t work i n c r e a s e s t h e s t a t i s t i c a l a c c u r a c y 
and e x t e n d s t h e measurement o f t h e s e a - l e v e l ;i-meson 
s p e c t r u m and p o s i t i v e - n e g a t i v e r a t i o t o h i g h e r momenta 
t h a n p r e v i o u s l y a t t a i n e d . T h i s has been made p o s s i b l e 
by t h e d e v e l o p m e n t o f t h e neon f l a s h - t u b e . T h i s new 
t e c h n i q u e can be use d f o r t h e p r e c i s e l o c a t i o n o f i o n i z -
i n g p a r t i c l e t r a j e c t o r i e s o v e r l a r g e a r e a s , t h u s e n a b l i n g 
i n s t r u m e n t s o f h i g h c o l l e c t i n g power t o be c o n s t r u c t e d . 
A f t e r a d i s c u s s i o n o f p r e v i o u s i n s t r u m e n t s and 
measurements, ( c h a p t e r 2 ) ^ a d e s c r i p t i o n i s g i v e n o f t h e 
d e s i g n and c o n s t r u c t i o n o f a m a g n e t i c s p e c t r o g r a p h u s i n g 
f l a s h - t u b e s , and h a v i n g l a r g e s o l i d a n g l e o f p a r t i c l e 
c o l l e c t i o n and h i g h maximum d e t e c t a b l e momentum, ( c h a p t e r 
3 ) . The a l i g n m e n t o f t h e i n s t r u m e n t i s c o n s i d e r e d , 
( c h a p t e r 4 ),and t h e momentum s p e c t r u m d e r i v e d f r o m t h e 
measured d e f l e c t i o n s p e c t r u m , ( c h a p t e r 5 ) . The e n e r g y 
l o s s p r o c e s s e s f o r -'-mesons a r e c o n s i d e r e d i n t h e l i g h t 
o f f l u c t u a t i o n s i n t h e v a r i o u s e n e r g y l o s s p r o c e s s e s and A 
c o m p a r i s o n o f t h e s e a - l e v e l i n t e g r a l s p e c t r u m w i t h t h e 
u n d e r g r o u n d i n t e n s i t i e s i s made, ( c h a p t e r 6 ) . The p o s i -
6. 
t i v e - n e g a t i v e r a t i o i s d e r i v e d f r o m t h e measured d a t a and 
t h e v a r i o u s b i a s e f f e c t s c o n s i d e r e d ( c h a p t e r 7 ) . Com-
p a r i s o n o f t h e iT-meson p r o d u c t i o n s p e c t r u m d e r i v e d f r o m 
t h e measured s e a - 1 e v e l ^ u - m e s o n s p e c t r u m and t h e p r e d i c t e d 
s p e c t r u m , i s u s e d t o s t u d y n u c l e a r p r o c e s s e s a t h i g h 
e n e r g y , ( c h a p t e r 8 ) . The t h e o r e t i c a l p o s i t i v e - n e g a t i v e 
r a t i o i s d e r i v e d and compared w i t h t h e measured r a t i o a t 
s e a - l e v e l , ( c h a p t e r 9 ) . The i m p l i c a t i o n s o f t h e v a r i o u s 
c o n c l u s i o n s a r e f i n a l l y c o n s i d e r e d i n c h a p t e r 10. 
C h a p t e r 2 
Cpsmie Ray gpec t,rp/;r apha and,,.the . Measurement., o f 
M -meson S p e c t r a 
2.1 I n t r o d u c t i o n 
l o s t o f t h e e x p e r i m e n t s t o be d e s c r i b e d have been 
c a r r i e d o u t i n l a b o r a t o r i e s w h i c h a r e n o t f a r above s ea-
l e v e l ( e . g . Durham, h a v i n g g e o g r a p h i c c o o r d i n a t e s o f 
0 0 
l a t i t u d e 54.5 N and l o n g i t u d e 1.3 W, i s 200 f e e t above 
s e a - l e v e l ) , and t h e measurements w i l l be r e f e r r e d t o 
l o o s e l y as ' s e a - l e v e l m e a s u r e m e n t s 1 . I n f a c t s i g n i f i -
c a n t d i f f e r e n c e s i n t h e measurements o n l y a p p e a r a t 
a l t i t u d e s above a t h o u s a n d f e e t o r so. 
P r e v i o u s measurements o f t h e s e a - l e v e l e n e r g y s p ec-
t r u m o f co s m i c r a y s have been made by u s i n g two main 
m e t h o d s : v i z , d e t e r m i n a t i o n o f r a n g e and momentum. 
The a b s o l u t e f l u x o f "-mesons has been measured as a 
f u n c t i o n o f minimum r a n g e f o r v a r i o u s c o ndensed m a t e r i a l s . 
The r a n g e - e n e r g y r e l a t i o n s h i p was t h e n u s e d t o c o n v e r t t h e 
r a n g e s p e c t r u m t o t h e momentum s p e c t r u m . A r a t h e r l o w 
l i m i t i n g momentum, ^ 5 GeV/c, i s s e t by t h e maximum t h i c k -
n e ss o f a b s o r b e r a v a i l a b l e . 
The d e t e r m i n a t i o n o f momentum, w h i c h a t t h e r e l a t i v i s -
t i c r e g i o n i n q u e s t i o n i s n u m e r i c a l l y i d e n t i c a l w i t h 
e n e r g y , has been c a r r i e d o u t by two t e c h n i c u e s : v i z , 
m u l t i p l e s c a t t e r i n g and m a g n e t i c d e f 1 e c t i o n . The u p p e r 
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l i m i t o f momentum w h i c h has been measured by t h e s t u d y 
o f m u l t i p l e s c a t t e r i n g i n a m u l t i p l a t e c l o u d chamber i s 
r 4 GeV/c. The l i m i t i s s e t by t h e gas movement w h i c h 
g i v e s r i s e t o d i s t o r t i o n o f t h e p a r t i c l e t r a c k . When 
n u c l e a r e m u l s i o n s a r e u s e d , t h e l i m i t i s s e t a l i t t l e 
h i g h e r , / - " l O GeV/c; t h e d i s t o r t i o n s o f t h e e m u l s i o n w h i c h 
t a k e p l a c e d u r i n g p r o c e s s i n g , s e t t i n g t h e l i m i t . The 
t e c h n i q u e o f m a g n e t i c d e f l e c t i o n has been a p p l i e d most 
w i d e l y t o t h e d e t e r m i n a t i o n o f c h a r g e d p a r t i c l e momenta 
and w i l l be d e a l t w i t h more f u l l y i n t h e n e x t s e c t i o n . 
2. 2 The M a g n e t i c D e f l e c t i o n and D e t e r m i n a t i o n of.. P a r t i 
Momenta 
P r e v i o u s measurements o f t h e a n g u l a r d e f l e c t i o n o f 
p a r t i c l e s t r a v e r s i n g a m a g n e t i c f i e l d have been c a r r i e d 
o u t w i t h G e i g e r c o u n t e r s and c l o u d - c h a m b e r s , and more 
r e c e n t l y w i t h n u c l e a r e m u l s i o n s , s p a r k c o u n t e r s and 
f l a s h - t u b e h o d o s c o p e s . The r e l a t i o n b e t w e e n momentum, 
p ( i n e V / c ) , m a g n e t i c f i e l d , H ( i n g a u s s ) , and r a d i u s 
fan Cm.) 
o f c u r v a t u r e , /y , f o r s i n g l y c h a r g e d r e l a t i v i s t i c d e f l e c t e d 
p a r t i c l e s , i s g i v e n by 
p i 300H fi 2.1 
I 
I f § i s t h e a n g u l a r d e f l e c t i o n t h e n 
p lr - 3 0 0 j l d l 2.2 
where ^ H d l i s t h e l i n e i n t e g r a l o f m a g n e t i c f i e l d a l o n g 
t h e p a r t i c l e t r a j e c t o r y ( i n gauss-cm) f o r a p a r t i c l e 
t r a v e l l i n g i n t h e p l a n e p e r p e n d i c u l a r t o t h e m a g n e t i c 
f x © X cl e 
F o r a g i v e n v a l u e o f J l ' d l , t h e maximum momentum 
t h a t can be measured i s s e t by t h e a c c u r a c y o f measure-
ment of (r . W i t h d e t e c t o r s e x t e r n a l t o t h e m a g n e t i c 
f i e l d , t h e q u a n t i t y u s u a l l y m e a sured, t h e l i n e a r d e f l e c -
t i o n , z\ , i s r e l a t e d t o t h e a n g u l a r d e f l e c t i o n , ! ) - , by t h e 
f i x e d s e p a r a t i o n o f t h e m e a s u r i n g l e v e l s , y^, ( f i g u r e 
3.12) 
fl. ~ 
• " 9, 2. ,2 a 
Hence p A - 300 y1 J f i d l 2.2b 
To s e t t h e l i m i t o f measurement o f momentum and i n o r d e r 
t o compare t h e a c c u r a c y o f measurement! o f v a r i o u s i n s t r u -
m e n t s , a q u a n t i t y c a l l e d t h e maximum d e t e c t a b l e momentum 
( a b b r e v i a t e d t o and s u b s e q u e n t l y r e f e r r e d t o as m.d.m. ) i s 
d e f i n e d as t h e momentum a t w h i c h t h e p r o b a b l e e r r o r i n a 
d e f l e c t i o n measurement i s e q u a l t o t h e m a g n e t i c d e f l e c -
t i o n o f a p a r t i c l e . I n some work t h e s t a n d a r d d e v i a t i o n 
( r . m . s . e r r o r ) i s u s e d t o d e f i n e t h e e r r o r i n d e f l e c t i o n , 
g i v i n g a m.d.m. l o w e r by a f a c t o r 0.674 ( i f t h e e r r o r i s 
G a u s s i a n ) . 
2.-3 The P r e v i o u s Methods and S p e c t r o g r a p h s Used, t o _ Measure 
/* -meson S p e c t r a 
The e a r l y m a g n e t i c f i e l d methods u s e d a c l o u d chamber 
bet w e e n t h e p o l e s o f an e l e c t r o m a g n e t t o measure t h e t r a c k 
c u r v a t u r e . However a l o w l i m i t t o t h e m.d.m. i s s e t by 
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t r a c k d i s t o r t i o n and i n a d d i t i o n o n l y a b o u t 5$ o f t h e 
a v a i l a b l e m a g n e t i c f i e l d volume i s u s e d , (Hyams e t a l , 
( 1 9 5 0 ) ) . 
R o s s i , ( 1 9 4 8 ) , has r e v i e w e d t h e e a r l i e r work and 
combined i t t o g i v e a s p e c t r u m t o a b o u t 20 GeV/c. Most 
s u b s e q u e n t d e t e r m i n a t i o n s o f t h e s p e c t r u m have been 
a s s o c i a t e d w i t h m e a s u r i n g t h e r e l a t i v e f l u x a t d i f f e r e n t 
momenta and most work i s n o r m a l i s e d a t 1 GeV/c t o the: 
f l u x g i v e n by Eos s i . 
I n r e c e n t y e a r s t h e s p e c t r u m has been measured w i t h 
m a g n e t i c s p e c t r o g r a p h s i n w h i c h most o f t h e d e t e c t i n g 
e l e m e n t s a r e e x t e r n a l t o t h e f i e l d . These a r e summarised 
i n t a b l e 2 . 1 . I n most o f t h e s e i n s t r u m e n t s , G e i g e r c o un-
t e r s a r e use d as t h e d e t e c t i n g e l e m e n t s , and i n some cases 
when h i g h momentum p a r t i c l e s a r e d e t e c t e d , f u r t h e r a p p a r a t u s 
i s t r i g g e r e d w h i c h i s a b l e t o d e f i n e t h e p a r t i c l e p o s i t i o n 
more p r e c i s e l y and e n a b l e h i g h e r momenta t o be d e t e c t e d . 
For e x a m p l e , Hyams e t a l , ( 1 9 5 0 ) , have d e s c r i b e d an i n s t r u -
ment w i t h two e l e c t r o m a g n e t s and hodoscoped G e i g e r c o u n t e r s 
as d e t e c t o r s h a v i n g a m.d.m. o f 31 GeV/c. T h i s v a l u e was 
i n c r e a s e d by fiodgers, (1957), Holmes e t a l , ( l 9 6 l a , b ) , to. 
356 GeV/c by p l a c i n g f l a t c l o u d chambers a t t h e t h r e e 
m e a s u r i n g l e v e l s and t h e s e were o n l y t r i g g e r e d i f a h i g h 
momentum p a r t i c l e was d e t e c t e d . The l o c a t i o n a c c u r a c y 
f o r t h e v e r t i c a l l y expanded c l o u d chambers was a b o u t 1 mm 
a t each o f t h e t h r e e m e a s u r i n g l e v e l s . The e f f i c i e n c y 
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w i t h w h i c h t h e a v a i l a b l e m a g n e t i c f i e l d was used was 50%, 
However, t h e g e o m e t r y o f two magnets g i v e s a s m a l l s o l i d 
a n g l e and c o n s e q u e n t l y a lo w r a t e o f c o l l e c t i o n o f d a t a . 
D s i n g a s i n g l e magnet and t h r e e m e a s u r i n g l e v e l s , 
P i n e e t a l , ( 1 9 5 9 ) , i n c r e a s e d t h e s o l i d a n g l e by a s u i t a -
b l e d e s i g n o f magnet, and h i g h m.d.m. was o b t a i n e d by 
u s i n g f l a t c l o u d chambers. 
The d e v e l o p m e n t o f s p a r k d i s c h a r g e c o u n t e r s f o r t h e 
l o c a t i o n o f p a r t i c l e p o s i t i o n s , h a s l e d t o t h e i r a p p l i c a -
t i o n t o m a g n e t i c s p e c t r o g r a p h s . A l l k o f e r , ( 1 9 5 9 , 1 9 6 0 ) , 
has d e s c r i b e d t h e i r use t o o b t a i n a m.d.m. o f 60 GeV/c 
w i t h a v e r y compact i n s t r u m e n t ( o v e r a l l h e i g h t 0.7 m). 
I n 6 weeks, 1930 u s a b l e e v e n t s were r e c o r d e d . However, 
i t i s n o t c l e a r w h e t h e r t h e t e c h n i q u e can be a p p l i e d t o 
l a r g e i n s t r u m e n t s w i t h l a r g e c o l l e c t i n g a r e a s and h i g h 
r a t e s . F u r t h e r d e v e l o p m e n t s i n t h i s f i e l d , and p a r t i c u -
l a r l y t h e use o f s p a r k d i s c h a r g e chambers w i t h s c i n t i l l a -
t o r s as t h e d e t e c t i n g e l e m e n t , a r e t o be e x p e c t e d . 
An i n s t r u m e n t d e s c r i b e d by Apos t o l a k i s e t a l , ( 1 9 5 7 ) , 
u s e d 14 l a y e r s o f n u c l e a r e m u l s i o n s a c c u r a t e l y l o c a t e d 
b e t w e e n t h e p o l e s o f a magnet. A l t h o u g h t h e p a r t i c l e 
p o s i t i o n i s w e l l known, a b i g d i s a d v a n t a g e i s t h e t i m e 
t a k e n i n s c a n n i n g t h e p l a t e s and t h e i n a b i l i t y t o use t h e 
p a r t i c l e s f o r e x p e r i m e n t s o t h e r t h a n p e r h a p s t h e s t u d y o f 
i n t e r a c t i o n s i n f u r t h e r e m u l s i o n s , and t h e low r a t e s i n -
v o l v e d . 
13. 
The r e l i a b i l i t y o f s p e c t r o g r a p h s has been i m p r o v e d 
by r e p l a c i n g t h e c l o u d chambers by neon f l a s h - t u b e hodo-
s c o p e s . The a v a i l a b l e s o l i d a n g l e f o r c o l l e c t i o n o f 
p a r t i c l e s can be i n c r e a s e d because o f t h e l a r g e r c o l l e c -
t i n g a r e a s p o s s i b l e . T h i s d i c t a t e s t h e use o f a s i n g l e 
d e f l e c t i n g magnet so t h a t t o a c h i e v e c o m p a r a b l e momentum 
r e s o l u t i o n , h i g h e r a c c u r a c y o f t r a c k l o c a t i o n i s r e q u i r e d . 
The g e o m e t r y o f t h e f l a s h - t u b e a r r a y i s f i x e d and t h e 
c o r r e c t i o n t o be a p p l i e d f o r t h e u n c e r t a i n t y i n p a r t i c l e 
t r a c k l o c a t i o n i s w e l l known, i n c o n t r a s t t o t h e e a r l i e r 
c l o u d chamber s p e c t r o g r a p h s where t h e c o r r e c t i o n was u n -
c e r t a i n . A s h t o n e t a l , ( 1 9 5 9 ) - d e s c r i b e d an i n s t r u m e n t 
w i t h a m. d.m. o f 12 GeV"/c. T h i s was t h e p r o t o t y p e o f t h e 
spec t r o g r a p h u s e d f o r t h e p r e s e n t w o r k . The a p p l i c a t i o n 
o f f l a s h - t u b e s t o s p e c t r o g r a p h s has a l s o been r e p o r t e d b y 
Roe e t a l , ( 1 9 5 9 ) , who m o d i f i e d a s p e c t r o g r a p h , d e s c r i b e d 
by P i n e e t a l , ( 1 9 5 9 ) , w h i c h f o r m e r l y used f l a t c l o u d 
chambers. The m.d.m. o f t h e m o d i f i e d s p e c t r o g r a p h was 
160 GeV/c. C o a t e s , ( 1 9 6 1 ) » has a l s o o p e r a t e d a s m a l l 
f l a s h - t u b e s p e c t r o g r a p h w i t h m.d.m. 29 Ge?/c. 
2.4 The R e s u l t s o f t h e D e t e r m i n a t i o n o f t h e g-m§J£$M~§§Mz. 
l e v e l S pectrum by P r e v i o u s Methods 
The work o f Owen and W i l s o n , ( 1 9 5 5 ) , has been r e g a r -
ded as s t a n d a r d i n t h e r a n g e , 0.5 - 20 GeV/c, because o f 
i t s good s t a t i s t i c a l a c c u r a c y ("-60,000 p a r t i c l e s ) . These 
14. 
w o r k e r s f o u n d t h a t t h e yt,v-meson s p e c t r u m a t _ j i ? ftAjj, ct-Lf>3. 
c o u l d be r e p r e s e n t e d , by a power l a w e q u a t i o n o f t h e f o r m 
M(fa) - K ^ " ^ 2.3 
where n ~ 2.85 and p^ i s i n GeV/c. The c o r r e c t i o n s a p p l i e d 
f o r /'-meson decay and e n e r g y l o s s were based on a s i m p l e 
model i n w h i c h i t was assumed t h a t t h e ^ - m e s o n s were p r o -
duced a t a u n i q u e h e i g h t . 
The s p e c t r u m i n t h e r a n g e 0.4 - 10 GeV/c, has r e c e n t l y 
been measured w i t h g r e a t e r s t a t i s t i c a l a c c u r a c y , (~190,000 
p a r t i c l e s ) , by Gardener e t a l , ( 1 9 6 2 ) , u s i n g t h e G e i g e r 
c o u n t e r s e c t i o n o f the/ s p e c t r o g r a p h , Brooke e t a l , ( 1 9 6 2 ) , 
J ones e t a l , ( 1 9 6 2 ) , w h i c h has been use d i n t h e p r e s e n t w o r k , 
and i t i s f o u n d t h a t t h e r e i s good agreement w i t h t h e work 
o f Owen and V i l s o n . 
R o d g e r s , (1957 ) , and Holmes e t a l , ( l 9 6 l a , b ) , have 
e x t e n d e d t h e work o f Owen and W i l s o n t o h i g h e r momenta, 
u s i n g c l o u d chambers, t h e m.d.m. b e i n g 356 GeV/c. These 
w o r k e r s concluded, t h a t t h e /u-meson p r o d u c t i o n s p e c t r u m 
c o u l d be r e p r e s e n t e d by a power l a w s p e c t r u m w i t h t h e 
same f o r m as e q u a t i o n 2.3, h a v i n g n =• 2.85, as b e f o r e a t 
l o w e n e r g y , and n - 2.75 * 0.03 a t h i g h e n e r g y . 
P i n e e t a l , ( 1 9 5 9 ) , have measured t h e yA-meson spec-
t r u m , w i t h an i n s t r u m e n t h a v i n g a m.d.m. o f 260 GeV/c. 
These w o r k e r s have c o n c l u d e d t h a t t h e Tf-meson s p e c t r u m a t 
p r o d u c t i o n c o u l d be r e p r e s e n t e d by 
15. 
H [ - p t r ) = c f r r ® 
whereY ~ 2.64. F o l l o w i n g t h e a n a l y s i s o f B a r r e t t e t a l , 
( 1 9 5 2 ) , t h e /4-raeson p r o d u c t i o n s p e c t r u m w i l l i n v o l v e an 
e x t r a t e r m , 
t o a c c o u n t f o r t h e p r o b a b i l i t y o f i n t e r a c t i o n o f t T - i e s o n s 
b e f o r e t h e y can d e c a y , t h e e x t r a t e r m b e i n g e f f e c t i v e a t 
-ff-meson momenta above a b o u t 20 GeV/c. 
A p r e l i m i n a r y measurement o f t h e /-meson s p e c t r u m , 
based on o n l y " 6 0 0 p a r t i c l e s h a v i n g momenta above 20 GeV/0 
has been made by A s h t o n e t a l , ( l 9 6 0 ) , u s i n g t h e f l a s h -
t u b e s e c t i o n o f t h e s p e c t r o g r a p h d e s c r i b e d i n t h e p r e s e n t 
w o r k . The v a l u e deduced f o r | , t h e e x p o n e n t o f t h e 
meson p r o d u c t i o n s p e c t r u m , f r o m t h i s w o r k , was 
7f- 2.55 t 0.2 2.6 
i n good a g r e e m e n t w i t h t h e v a l u e deduced by P i n e e t a l . 
O t h e r e s t i m a t e s o f t h e e x p o n e n t o f t h e -f-meson p r o -
d u c t i o n s p e c t r u m have been made by methods w h i c h do n o t 
i n v o l v e t h e use o f m a g n e t i c s p e c t r o g r a p h s ; s i n c e t h e s e 
r e f e r t o e n e r g y r a n g e s n e a r t h e u p p e r l i m i t c o v e r e d by 
t h e p r e s e n t w o r k , t h e i r d i s c u s s i o n i s d e f e r r e d u n t i 1 
c h a p t e r s 6 and 8. 
2 • 5 The R e s u l t s o f t h e D e t e r m i n a t i o n o f t h e Charge R a t i o 
o f /"-mesons a t S e a - l e v e l by. P,r.gyi^u,s__M».thp4s 
The c h a r g e r a t i o o f t h e number o f p o s i t i v e yf-mesons, 
N (jf ) , t o t h e number o f n e g a t i v e ^-mesons, N { / T ) , a t sea-
l e v e l , has been d e f i n e d d i f f e r e n t l y by soniie a u t h o r s . Thus 
t h e p o s i t i v e - n e g a t i v e r a t i o i s g i v e n by 
The p o s i t i v e e x c e s s i s )-N(^.u"") . The r e l a t i v e p o s i t i v e 
e x c e s s i s t h e n 
Some a u t h o r s a l s o g i v e a p e r c e n t a g e d i f f e r e n c e , 2-?}. 
I n o r d e r t o a c c u m u l a t e d a t a w h i c h w i l l g i v e s u f f i c i e n t 
s t a t i s t i c a l a c c u r a c y so t h a t any r e a l v a r i a t i o n o f t h e 
c h a r g e r a t i o w i t h momentum can be s t u d i e d , a l e n g t h y p e r i o d 
o f c o l l e c t i o n o f d a t a must t a k e p l a c e , d u r i n g w h i c h s t r i c t 
c o n t r o l must be made o f t h e many i n s t r u m e n t a l b i a s e f f e c t s . 
I n t h e momentum r a n g e 1-20 Gev/c, t h e work o f Owen 
and W i l s o n , ( 1 9 5 1 ) , has t h e most s t a t i s t i c a l w e i g h t . 
These a u t h o r s have f o u n d t h a t t h e p o s i t i v e - n e g a t i v e r a t i o 
i n c r e a s e s w i t h momentum, r e a c h i n g a maximum v a l u e o f a b o u t 
1.25 a t - 5 GeV/c b u t t h a t a t h i g h e r momenta a s l o w d e c r e a s e 
i n t h e r a t i o was i n d i c a t e d . 
The p o s i t i v e - n e g a t i v e r a t i o has a l s o been measured i n 
t h e r a n g e 0.4-10 GeV/c w i t h g r e a t a c c u r a c y u s i n g t h e 
17. 
G e i g e r c o u n t e r s , f o r t h e d a t a c o l l e c t e d by G a r d e n e r e t a l , 
( 196 2 ) , and t h e r e i s good agreement w i t h work o f Owen and 
W i l s o n , ( l 9 5 l ) . 
A t h i g h e r momenta, 4- 20 GeV/c, P i n e e t a l , ( 1 9 5 9 ) , 
and E o d g e r s , ( 1 9 5 7 ) , and Holmes e t a l , ( l 9 6 2 b ) , have 
measured t h e p o s i t i v e - n e g a t i v e r a t i o , b u t because o f t h e 
s m a l l number o f p a r t i c l e s a t t h e s e h i g h momenta t h e 
a c c u r a c y i s l o w . The p e r c e n t a g e e r r o r f o r t h e p o s i t i v e -
n e g a t i v e r a t i o , K, i s a f a c t o r o f two g r e a t e r t h a n f o r 
t h e e q u i v a l e n t s p e c t r u m e r r o r f o r a v a l u e o f K - i . I t 
4-
i s n o t p o s s i b l e t o c o n c l u d e f r o m t h e work o f t h e s e 
a u t h o r s w h e t h e r t h e s l o w d e c r e a s e i n t h e p o s i t i v e - n e g a t i v e 
r a t i o i n d i c a t e d by t h e v a l u e s b e l o w 20 GeV-/c c o n t i n u e s a t 
h i g h e r e n e r g i e s . 
2•6 Th e P r e s e n t Work 
An e a t t e n s i v e s e t o f d a t a , w i t h 4520 p a r t i c l e s above 
20 GeV/c, was c o l l e c t e d o v e r an i n s t r u m e n t a l r u n n i n g t i m e 
o f 1800 h o u r s , i n v o l v i n g some 94 d a i l y s e t s o f r e c o r d s , 
f r o m November 1959 t o March 1960. I n t h i s t i m e some 
360,000 f i v e - f o l d c o i n c i d e n c e s were r e c o r d e d and 18,400 
o f t h e s e e v e n t s were s e l e c t e d and r e c o r d e d p h o t o g r a p h i -
c a l l y w i t h t h e f l a s h - t u b e a r r a n g e m e n t , l e a d i n g t o 14,556 
u s e f u l p a r t i c l e s . 
The l e n g t h o f t h e p e r i o d o v e r w h i c h i t was n e c e s s a r y 
t o r e c o r d d a t a was d e t e r m i n e d by t h e a c c u r a c y r e q u i r e d i n 
t h e h i g h momentum r e g i o n . Prom t h e t h e n known b e s t 
18. 
e s t i m a t e o f t h e s p e c t r u m , i t was e s t i m a t e d t h a t i n 100 
days a b o u t 50 p a r t i c l e s w o u l d be c o l l e c t e d i n t h e r e g i o n 
above 500 GeV/c and a t o r a b o u t t h e maximum d e t e c t a b l e 
momentum. Thus t h e s t a t i s t i c a l a c c u r a c y and c o r r e c t i n g 
f a c t o r s f o r u n c e r t a i n t y i n d e f l e c t i o n measurements w o u l d 
be o f t h e same o r d e r . 
The s p e c t r o g r a p h w i t h w h i c h t h e s e d a t a were c o l l e c -
t e d i s d e s c r i b e d i n t h e n e x t c h a p t e r . 
19. 
C h a p t e r 5 
The Durham H i g h E n e r g y S p e c t r o g r a p h 
3.1 I n t r o d u c t i o n : 
Prom p r e v i o u s measurements i n t h e h i g h e n e r g y r e g i o n 
o f t h e /•'•-meson s e a - l e v e l s p e c t r u m ( e . g . Holmes e t a l , 
(1961b)) o n l y p r e l i m i n a r y c o n c l u s i o n s have been a b l e t o be 
drawn and t o s u b s t a n t i a t e t h e s e a more a c c u r a t e measure-
ment i s n e c e s s a r y . A d e s i g n s t u d y was c a r r i e d o u t by 
K i s d n a s a m y , ( 1 9 5 8 ) , i n w h i c h t h e use o f neon f l a s h - t u b e s 
a t t h e d e t e c t i n g l e v e l s o f t h e Durham m a g n e t i c s p e c t r o -
g r a p h was c o n s i d e r e d . A s m a l l p r o t o t y p e was c o n s t r u c t e d , 
Ash t o n e t a l , (19.59)-, t o i n v e s t i g a t e t h e p r o p e r t i e s o f 
f l a s h - t u b e s u n d e r t y p i c a l s p e c t r o g r a p h o p e r a t i n g c o n d i t i o n s 
so t h a t i n a l a r g e r i n s t r u m e n t t h e neon f l a s h - t u b e s c o u l d 
be o p e r a t e d u n d e r t h e i r optimum c o n d i t i ons. 
P r e l i m i n a r y r e s u l t s o b t a i n e d a t h i g h e n e r g i e s by t h e 
a u t h o r have been p u b l i s h e d i n N a t u r e , ( A s h t o n e t a l , 1 9 6 0 ) ) . 
F u r t h e r d e t a i l s o f t h e d e s i g n o f t h e i n s t r u m e n t a r e g i v e n 
i n t h i s c h a p t e r : t h e work c a r r i ed o u t by t h e a u t h o r ' s 
c o l l e a g u e s w i l l be i n d i c a t e d wh e r e a p p r o p r i a t e i n t h e t e x t . 
3.2 The ffeon F l a s h - t u b e 
3 - 2 . 1 . The G e n e r a l C h a r a c t e r i s t i e s 
The neon f l a s h - t u b e was f i r s t d e v e l o p e d by C o n v e r s i 
and G o z z i n i , ( 1 9 5 5 ) . F u r t h e r d e v e l o p m e n t s were c a r r i e d o u t 
2 Q» 
by G a r dener e t a l , ( 1 9 5 7 ) , w i t h a v i e w t o p r o d u c i n g a 
c h a r g e d p a r t i c l e d e t e c t o r o f h i g h e f f i c i e n c y and l o w 
c o s t , and i t s a p p l i c a t i o n t o t h e p r e c i s e l o c a t i o n o f 
p a r t i c l e t r a j e c t o r i e s was c o n s i d e r e d by A s h t o n e t a l , 
( 1 9 5 8 ) . The d e t e c t o r c o n s i s t s o f a g l a s s t u b e f i l l e d 
w i t h neon gas and p l a c e d b e t w e e n p a r a l l e l c o n d u c t i n g 
e l e c t r o d e s . I f a h i g h v o l t a g e p u l s e i s a p p l i e d s o o n 
a f t e r t h e passage o f an i o n i s i n g p a r t i c l e t h e r e i s a 
h i g h p r o b a b i l i t y o f a v i s i b l e glo:w d i s c h a r g e t a k i n g 
p l a c e , w i t h s uch i n t e n s i t y t h a t a p h o t o g r a p h i c r e c o r d can 
be made. S i n c e i n t y p i c a l a p p l i c a t i o n s t o s p e c t r o g r a p h s 
where p r e c i s e l o c a t i o n i n one d i m e n s i o n o n l y i s r e q u i r e d , 
l a r g e a r e a s o f d e t e c t o r s can be b u i l t up by p l a c i n g l o n g 
t u b e s o f s m a l l d i a m e t e r p a r a l l e l t o each o t h e r i n a r r a y s 
o f many l a y e r s . A t y p i c a l a r r a y u s e d i n t h e s p e c t r o g r a p h 
i s shown i n f i g u r e 3.1a. Thus s e v e r a l such a r r a y s can be 
u s e d i n a l a r g e g e o m e t r i c a l c o n f i g u r a t i o n t o g i v e t h e 
t r a j e c t o r y o f a c h a r g e d p a r t i c l e . The passage o f a c h a r g e d 
p a r t i c l e t h r o u g h a t y p i c a l a r r a y w i l l t h e n a p p e a r as a 
s e r i e s o f l o c a l i s e d g l o w d i s c h a r g e s , o f t h e c h a r a c t e r i s t i c 
r e d c o l o u r g i v e n by neon. A t y p i c a l p a r t i c l e t r a v e r s a l i s 
shown i n f i g u r e 3.2. T h i s c l o s e - u p o f a s i n g l e a r r a y has 
b a c k g r o u n d i l l u m i n a t i o n t o r e n d e r t h e u n f l a s h e d t u b e s 
v i s i b l e . P h o t o i o n i s a t i o n o f a d j a c e n t t u b e s i s p r e v e n t e d 




Figure 3.1a i A t y p i c a l flash-tuba array. 
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2 1 . 
v i e w e d by a "window" i n the f l a t t e n e d end of each tube. 
The mechanism of o p e r a t i o n of t h e f l a s h - t u b e s i s 
as f o l l o w s . Of the ^10 i o n p a i r s r e m a i n i n g a f t e r the 
passage of a r e l a t i v i s t i c charged p a r t i c l e through the 
gas, o n l y e l e c t r o n s a r e u s e f u l i n i n i t i a t i n g break: down, 
o f t h e gas and t h e s e a r e r a p i d l y m u l t i p l i e d on.the a p p l i -
c a t i o n of a p u l s e d e l e c t r i c f i e l d . I n the p e r i o d b e f o r e 
the a p p l i c a t i o n of the e l e c t r i c f i e l d the e l e c t r o n s can 
d i f f u s e to the g l a s s w a l l s of the tube and a r e l o s t . I f 
t h e r e a r e no f r e e e l e c t r o n s a t the time of a p p l i c a t i o n of 
the e l e c t r i c f i e l d the tube w i l l not " f l a s h " s i n c e the 
neon i o n s n e ver g a i n s u f f i c i e n t energy to r e a c h the i o n i -
s a t i o n p o t e n t i a l o f neon. I n . p r a c t i c e i t i i s found t h a t 
the t u b e s have a h i g h p r o b a b i l i t y of f l a s h i n g i f an e l e c -
t r i c f i e l d of i n t e n s i t y 8Kv/cm i s a p p l i e d w i t h i n a few 
m i c r o s e c o n d s of t he passage: of a p a r t i c l e through the gas 
and the v i s i b l e d i s c h a r g e t a k e s p l a c e . A G e i g e r c o u n t e r 
c o i n c i d e n c e system i s u s u a l l y used to t r i g g e r the h i g h 
v o l t a g e p u l s i n g c i r c u i t which a p p l i e s the e l e c t r i c f i e l d 
to the e l e c t r o d e s between the l a y e r s of f l a s h - t u b e s . 
3.2.2 The E f f i c i e n c y 
The l a y e r e f f i c i e n c y f o r p a r t i c l e d e t e c t i o n i s 
d e f i n e d as the r a t i o of the number of s i n g l e f l a s h e s 
o b s e r v e d i n a g i v e n l a y e r to the t o t a l number of times 
22. 
t h a t a s i n g l e i o n i s i n g p a r t i c l e p a s s e s through t h a t l a y e r . 
The l a y e r e f f i c i e n c y w i l l depend on the f o l l o w i n g f a c t o r s : 
1. The time d e l a y , Tp, between the passage of the 
p a r t i c l e and the a p p l i c a t i o n ©f the p u l s e . 
2. The r i s e time of the p u l s e > T R . 
3. The h e i g h t of the p u l s e ^ E . 
4. The gas f i l l i n g . 
The work of Gardener e t a l was extended by C o x e l l e t 
a l , ( 1 9 6 0 ) , i n o r d e r to improve the c h a r a c t e r i s t i c s of the 
tubes and i n p a r t i c u l a r to o b t a i n s u f f i c i e n t d a t a to d e s i g n 
tubes f o r p a r t i c u l a r a p p l i c a t i o n s . The p a r t i c u l a r a p p l i c a -
t i o n to cosmic r a y s p e c t r o g r a p h s r e q u i r e d c e r t a i n c h a r a c t e r -
i s t i c s , namely, 
a) h i g h e f f i c i e n c y f o r f l a s h i n g a f t e r t r a v e r s a l by 
i o n i s i n g p a r t i c l e s 
b) s h o r t s e n s i t i v e t i m e 
e) 1ow r a t e of s p u r i o u s f l a s h i n g 
d) h i g h s p a t i a l r e s o l u t i o n 
e) s t a b i l i t y of o p e r a t i o n over l o n g p e r i o d s 
f ) l o n g l i f e - t i m e 
g) i n e x p e n s i v e and e a s i l y r e p r o d u c i b l e by mass 
p r o d u c t i o n methods 
h) a b i l i t y to o p e r a t e over l a r g e a r e a s , s i n c e l a r g e 
numbers of f l a s h - t u b e s a r e r e q u i r e d to c o v e r l a r g e a r e a s 
i n extended t e l e s c o p e s . 
I t was shown t h a t h i g h e f f i c i e n c y r e s u l t s from s h o r t 
time d e l a y s 10 _ / s e e ) and r i s e t imes O.Sv^see) , and 
h i g h e l e c t r i c f i e l d s (~ 8 Kv/cm). 
These c o n d i t i o n s t o g e t h e r w i t h ease of manufacture 
and c o s t have r e s u l t e d i n the c h o i c e of t u b e s , the d e t a i l s 
of which a r e summarised i n t a b l e 3.1. 
The form of the v a r i a t i o n : of a b s o l u t e e f f i c i e n c y , 
d e f i n e d as the r a t i o of the number of s i n g l e f l a s h e s 
o b s e r v e d i n a g i v e n l a y e r to the t o t a l number of ti m e s 
t h a t a s i n g l e p a r t i c l e p a s s e d through the s e n s i t i v e gas 
r e g i o n of the tube w i t h T^, T f i and E i s shown i n f i g u r e s 
3.3a, b and c;, and the p r o b a b i l i t y of s p u r i o u s f l a s h i n g i n 
f i g u r e 3.3d. T h i s i s the p r o b a b i l i t y of a tube f l a s h i n g 
which i s not d i r e c t l y a s s o c i a t e d w i t h an i n c i d e n t p a r t i c l e . 
For i n v e s t i g a t i o n s i n v o l v i n g * n u m b e r of l a y e r s of 
G e i g e r c o u n t e r s s e v e r a l meters a p a r t and connected i n t o 
c o i n c i d e n c e or p a r t i c l e s e l e c t i o n systems which c o n t r o l 
the o p e r a t i o n of the f l a s h - t u b e a r r a y s , d e l a y s of s e v e r a l 
m i c r o - s e c o n d s a r e l i k e l y to occur between the passage of 
the p a r t i c l e and the a p p l i c a t i o n of the e l e c t r i c f i e l d to 
the e l e c t r o d e s of the f l a s h - t u b e a r r a y . A l s o , a r e l a -
t i v e l y l a r g e v a l u e of the r i s e - t i m e of the h i g h v o l t a g e 
p u l s e i s o f t e n d i c t a t e d by the n e c e s s i t y of a p p l y i n g the 
h i g h v o l t a g e p u l s e to a l a r g e a r r a y of tubes h a v i n g con-
s i d e r a b l e e l e c t r o s t a t i c c a p a c i t y . I n p a r t i c u l a r , v a l u e s of 
T a b l e 3.1 s The d e t a i l s of the Neon Flash-tube_s used i n 
G l a s s : soda (GEO, X3) 
I n t e r n a l d i a m e t e r : 0.59 cm, e x t e r n a l d i a m e t e r 0.72 cm 
H o r i z o n t a l s e p a r a t i o n i n a l a y e r : 0,80 cm 
V e r t i c a l s e p a r a t i o n o f t h e l a y e r s : 1.15 cm 
L e n g t h , l e v e l s A and D : 67 cm, l e v e l s B and C : 42 cm 
Gas p r e s s u r e : 2.3 a t m o s p h e r e s 
Gas c o n t e n t ; 98^ He, 2# He, 10~4fb a i r . 
A v erage i n t e r n a l e f f i c i e n c y ^ 81. ' 
Average l a y e r e f f i c i e n c y , 60fo 
( b o t h o f t h e e f f i c i e n c i e s r e f e r t o n o r m a l o p e r a t i n g 
c o n d i t i o n s o f t i m e d e l a y o f 10 ^ sec and r i s e - t i m e o f 
0.5 JU s e c ) . 
T a b l e 3.2 : The d i m e n s i o n s o f t h e c o n s t a n t s o f t h e 
s p e c t r o g r a p h ( s e e f i g u r e 3.12) 
y 1 =• 184.3 cm 
y 2 - 61.4 cm 
y., - 60.0 cm 
t h e s p e c t r o g r a p h 
J 3 
F4 189.-5 cm 
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Figure 3.3 * The v a r i a t i o n of e f f i c i e n c y w i t h parameters 
of the pulses, ( a f t e r C o x e l l e t a l , (1960)}. 
25. 
time d e l a y s up to 12 /« s e c and r i s e - t i m e s up to ~ 0.5 /usee 
a r e l i k e l y i n the p r a c t i c a l a p p l i c a t i o n s andfu&e of t h e s e 
v a l u e s must not d e c r e a s e the e f f i c i e n c y of the f l a s h - t u b e s 
by more than, a s m a l l amount. 
3.2.3 The S p a t i a l R e s o l u t i o n 
The r e q u i r e m e n t s of the a r r a y s of f l a s h - t u b e s were 
t h a t they s h o u l d be a r r a n g e d to g i v e the minimum p o s i t i o n a l 
u n c e r t a i n t y f o r the l o c a t i o n of p a r t i c l e t r a j e c t o r i e s w i t h -
i n the a c c e p t a n c e a n g l e of the i n s t r u m e n t which was * 13° to 
the v e r t i c a l i n the f r o n t p l a n e . E i g h t rows of tubes were 
used - t h i s b e i n g the number r e q u i r e d to g i v e the d e s i r e d 
a c c u r a c y ("0.3 mm a t each l e v e l ) . 
The optimum arrangement to g i v e the minimum p o s s i b l e 
v a l u e of the p o s i t i o n a l u n c e r t a i n t y was shown by 
Kisdnasamy, (1958) , to be g i v e n by the geometry i n f i g u r e 
3.4. Assuming IQQfl- i n t e r n a l ( a b s o l u t e ) e f f i c i e n c y , an 
r.m.s. minimum v a l u e of p o s i t i o n a l u n c e r t a i n t y of 0.2 cm 
was found,which was v e r y n e a r l y c o n s t a n t f o r a l l a n g l e s of 
a c c e p t a n c e of the s p e c t r o g r a p h , f i g u r e 3.5. I t i s not 
p o s s i b l e f o r a p a r t i c l e to p a s s through t h i s c o n f i g u r a t i o n 
w i t h i n i 13° to the v e r t i c a l w i t h o u t p r o d u c i n g a t l e a s t 
f o u r i n t e r s e c t i o n s w i t h the s e n s i t i v e gas volume of the 
f l a s h - t u b e s . The v a r i a t i o n f o r a p u r e l y random p o s i t i o n -


















Figure 3„4 » The, optimum arrangement o f the flash*tubes 
( t o s c a l e ) anS the e l e c t r o d e system. The 
c i r c l e s represent the i n t e r n a l c i rcumfer-
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3.2.4 The C o n s t r u c t i o n aa.d A l i g n m e n t o f t h e P l a s h - t u b e 
A s s e m b l i e s 
There a r e f o u r f l a s h - t u b e a s s e m b l i e s o r a r r a y s , 
f i g u r e 3.6, t h o s e a t A and D h a v i n g a b o u t f o u r t i m e s t h e 
h o r i z o n t a l a r e a o f B and C. The r e c t a n g u l a r f r a m e w o r k , 
f i g u r e 3.1 was c o n s t r u c t e d o f a l u m i n i u m a n g l e . The s l o t s 
w h i c h c a r r i e d t h e t u b e s were m i l l e d i n d u r a l s h e e t s w h i c h 
were s u b s e q u e n t l y c u t i n t o s t r i p s . The a c c u r a c y of m i l l i n g 
was 0.1 mm (4 1 thou•) and the p o s i t i o n of each tube was 
t h u s known to t h i s a c c u r a c y . The p r o f i l e of the s l o t s , 
f i g u r e 3.1b, was such t h a t s e l e c t e d tubes h a v i n g e x t e r n a l 
d i a m e t e r between 7.85 mm and 7.15 mm r e s t e d on o n l y two 
p o i n t s of the s l o t . 
Tubes were a l s o s e l e c t e d f o r t h e i r s t r a i g h t n e s s ; the 
s h o r t e r ones were r e q u i r e d t o have a s a g i t t a o f l e s s than 
0.5 mm and the l o n g e r tubes about t w i c e t h i s v a l u e . Any 
c u r v a t u r e of t h e tubes was made to c o n t r i b u t e l e a s t , to the 
p o s i t i o n a l u n c e r t a i n t y of t r a c k l o c a t i o n by p o s i t i o n i n g 
the tube so t h a t the c u r v a t u r e was i n a v e r t i c a l p l a n e . 
Two l a y e r s of tubes were c o n t a i n e d between one p a i r of 
e l e c tro des, f i g u r e 3.4. 
I t nils e s s e n t i a l t h a t the tubes i n the v a r i o u s l e v e l s 
of each traywtere p a r a l l e l t o one a n o t h e r . A r e c t a n g l e , two 
of the s i d e s of w h i c h were a c c u r a t e l y p a r a l l e l to the t u b e s } 
was s c r i b e d on the top of the framework of the t r a y s . 
C i r c l e s of known r a d i u s were drawn with, t h e s e c o r n e r s as 
c e n t r e . The p o i n t s o f i n t e r s e c t i o n o f t h e s e c i r c l e s , G ^ 
and Ggj have c o o r d i n a t e s which a r e w e l l known w i t h r e s p e c t 
t o t h e t u b e c e n t r e s , and a l s o g r i d s g^ and g^, which con-
s i s t of l i n e s s c r i b e d 0.05 cm a p a r t . H o l e s of 2 mm d i a -
m e t e r were d r i l l e d w i t h G^ and as c e n t r e s . Two plumb 
l i n e s forming a v e r t i c a l p l a n e p e r p e n d i c u l a r to the G e i g e r 
c o u n t e r s i n the d i f f e r e n t l e v e l s , p a s s e d through the h o l e s 
i n the f o u r frameworks ( f i g u r e ; 4 . 1 ) . Measurement o f the 
v e r t i c a l s e p a r a t i o n of the t r a y s and t h e i r p o s i t i o n w i t h 
r e s p e c t to the c e n t r e of the magnetic f i e l d then a l l o w s 
an a c c u r a t e l y known c o o r d i n a t e system to be s e t up i n 
which tube c e n t r e s a r e w e l l d e f i n e d . The frames were 
k i n e m a t i c a l l y l o c a t e d and clamped i n t h e i r f i n a l p o s i t i o n . 
3.2.5 The L i f e t i m e o f F l a s h - t u b e s 
T h i s has been i n v e s t i g a t e d by C o x e l l e t a l ; ( l 9 6 0 ) and 
e s t i m a t e d to be ^  75 y e a r s . I n the s p e c t r o g r a p h , under 
o p e r a t i n g c o n d i t i o n s , o n l y t en tubes out of 2672 were 
observ e d to become u n u s a b l e e i t h e r through not working, or 
g i v i n g s p u r i o u s f l a s h e s . T h i s was m o s t l y due to f r a c t u r e 
of g l a s s s e a l s . The few bad tubes were a l l o w e d f o r i n the 
a n a l y s i s of the d a t a . 
^ * ^  The S p e c t r o g r a p h 
The 
3.3.1 / L a y o u t and Mode o f O p e r a t i o n of F l a s h - t u b e s 
The g e n e r a l l a y o u t of the f l a s h - t u b e s i n the s p e c t r o -
28. 
g r a p h i s shown i n f i g u r e 3.6. The i n c i d e n t and emergent 
t r a j e c t o r i e s a r e l o c a t e d a t f o u r measuring l e v e l s , A, 
e t c , two m e a s u r i n g l e v e l s above t h e magnet and two b e l o w . 
The magnet i s a l a r g e e l e c t r o m a g n e t of t h e B l a c k e t t type 
and t h e s p e c t r o g r a p h c o n s i s t s of G e i g e r c o u n t e r s as t h e 
d e t e c t i n g elements and hence d e f i n i n g the s o l i d a n g l e of 
a c c e p t a n c e of the i n s t r u m e n t . T r a j e c t o r i e s of p a r t i c l e s 
through the c e n t r a l l i n e a r p o r t i o n of t h e m a g n e t i c f i e l d 
i s made c e r t a i n by the G e i g e r countess n e a r the c e n t r e of 
t h e f i e l d , and i t i s not p o s s i b l e f o r p a r t i c l e s to be 
s c a t t e r e d i n the pole p i e c e s . The G e i g e r c o u n t e r s a l o n e 
a r e used i n s t u d y i n g the l o w momentum p a r t i c l e s where t h e 
p r e c i s i on r e q u i r e d i n t r a c k l o c a t i o n i s l e s s and the 
f l a s h - t u b e s a r e used i n c o n j u n c t i o n w i t h the G e i g e r 
c o u n t e r s to g i v e a g r e a t e r p r e c i s i o n a t h i g h momentum. 
3.3.2 The G e i g e r Counter System 
The e l e c t r o n i c c i r c u i t s used w i t h the G e i g e r c o u n t e r s 
have been f u l l y d e s c r i b e d by Jones e t a l , ( 1 9 6 2 ) , and o n l y a 
b r i e f d e s c r i p t i o n w i l l be g i v e n h e r e . 
Passage of a p a r t i c l e through the s p e c t r o g r a p h i s 
r e g i s t e r e d by a f i v e - f o l d R o s s i c o i n c i d e n c e from the 
G e i g e r c o u n t e r s G^, G £, Gfi, Gg, G^. The d e f l e c t i o n i s 
computed a u t o m a t i c a l l y by an e l e c t r o n i c analogue computer 
r e f e r r e d to as a momentum a n a l y s e r , (M.A.). 
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From f i g u r e 3.7 , i t can "be seen t h a t the d e f l e c t i o n of 
a p a r t i c l e i s not determined u n i q u e l y by the G e i g e r coun-
t e r s - r a t h e r , because of the l a r g e r e l a t i v e s i z e of the 
c o u n t e r s , d e f l e c t i o n s a r e a s s i g n e d to groups whose mean 
magnitude d i f f e r s by the d i s t a n c e by which G e i g e r c o u n t e r s 
a r e spaced a t each l e v e l . The term, " G e i g e r c o u n t e r c a t -
e g o r i e s " , or " c a t e g o r i e s " i s a p p l i e d to t h e s e groups. 
Thus i n the f i g u r e i t can be seen t h a t the nominal d e f l e c -
t i o n i n the G e i g e r c o u n t e r system i s 
- ( l l i - k ) - (13+k) - ( 1 3 ' k ) - ( l l i - k ) 
s- n x 3.8 cm 
where i n t h i s c a s e n - —4 and the d i s t a n c e s a r e from an 
a r b i t r a r y r e f e r e n c e l i n e to the c e n t r e of the G e i g e r c o u n t e r 
t h a t has been d i s c h a r g e d i n G^, e t c . Bach G e i g e r c o u n t e r , 
through e l e c t r o n i c c i r c u i t s , g i v e s a p u l s e which i s c h a r a c -
and 
t e r i s t i c of i t s p o s i t i o n i n t h a t l a y e r / b y adding t h e s e 
p u l s e s a c c o r d i n g to e q u a t i o n 3.1, a r e s u l t a n t p u l s e i s 
o b t a i n e d which i s p r o p o r t i o n a l to the d e f l e c t i o n and i s i n 
f a c t the c o u n t e r c a t e g o r y number n. The f i n a l v o l t a g e 
p u l s e i s d i s p l a y e d on an o s c i l l o s c o p e and can be photo-
graphed or can be f e d i n t o a p u l s e h e i g h t a n a l y s e r . On 
the o s c i l l o s c o p e t h e r e i s a l l o w a n c e f o r 45 c a t e g o r i e s 
from -22 to +- 22. The normal r a t e a t the h i g h e s t magnetic 









Figure 3.7 $ The l o c a t i o n o f t h e - p a r t i c l e t r a j e c t o r y 
with the Geiger counters. 
30. 
f i e l d i s ~ 200 p a r t i c l e s per hour. The time taken between 
the passage of a p a r t i c l e through the f o u r Geiger counter 
l e v e l s , and the r i s e of the f a s t l e a d i n g edge of the Rossi 
c o i n c i d e n c e pulse i s 1.5/%ec. F u r t h e r time delays are 
c o n s i d e r e d i n subsequent s e c t i o n s . 
3.3.3 The Momentum S e l e c t i o n System 
The Geiger counter system i s used i n s t u d y i n g the 
momentum spectrum i n the range 0.5 - 15 GeV/c a t maximum 
f i e l d . . To a s s i s t w i t h the a n a l y s i s of dafta a t h i g h e n e r g i e s 
and t o more r a p i d l y o b t a i n h i g h e r s t a t i s t i c a l accuracy, 
p a r t i c l e s c o r r e s p o n d i n g t o d e f l e c t i o n s of 0 1 ,-fcgiGeiger 
c o u n t e r c a t e g o r i e s are s e l e c t e d e l e c t r o n i c a l l y and o n l y 
these p a r t i c l e s are a l l o w e d t o t r i g g e r the h i g h v o l t a g e 
pulse t o the f l a s h - t u b e a r r a y s . This i s done by u s i n g a 
p u l s e h e i g h t s e l e c t o r (momentum s e l e c t o r , M.S.), D.Q.Jonesy 
(1961) , f i g u r e 3.8. The c h a r a c t e r i s t i c of acceptance of 
p u l s e h e i g h t s by t h i s s e l e c t o r i s biassed i n f a v o u r of 
h i g h energy p a r t i c l e s ( c a t e g o r y o ) . The time delay i n 
t h i s u n i t i s ^1.5 >sec. This a r i s e s from the g a t i n g 
c i r c u i t s which r e q u i r e a pulse from the l o s s i c o i n c i d e n c e 
c i r c u i t s , where t h e r e i s a l r e a d y a delay of 1.5 usee and 
the r e s u l t a n t p u l s e from the M.A* c i r c u i t s where a 5 ^ s e c 
de l a y o c c u r s , b e f o r e the d i s c r i m i n a t o r can operate and 
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the time delay between passage of a p a r t i c l e and the 
appearance of the f a s t l e a d i n g edge of the M.S. pulse i s 
9. 0 Msec. 
I n s e l e c t i n g c a t e g o r y 0 p u l s e s o n l y , a f r a c t i o n of 
these (~25fb) are l o s t because of the v a r i a b i l i t y o f p u l s e 
h e i g h t s c r e a t e d by the d i f f e r e n t combinations of Geiger 
c o u n t e r s which can g i v e r i s e t o a g i v e n p u l s e c a t e g o r y 
(see Chapter 5 ) . The r a t e of acceptance of p a r t i c l e s i n 
c a t e g o r y 0 i s ^  8 - 10 per hour. The momentum s e l e c t o r 
demands o n l y t h a t the pulse h e i g h t should be s m a l l . This 
c o n d i t i o n can a l s o o c c a s i o n a l l y be s a t i s f i e d when more 
than one p a r t i c l e passes through the s p e c t r o g r a p h , and can 
be r e c o g n i s e d i n the f l a s h - t u b e p h o t o g r a p h i c r e c o r d s (see 
s e c t i o n 3. 5 »1) . 
3.3.4 The Fla s h - t u b e Data Recording System 
When a h i g h momentum p a r t i c l e i s d e t e c t e d , 3.3.2, 
3.3.3, a h i g h v o l t a g e p u l s e of r i s e time 0.5/*sec of l e n g t h 
6 /A sec and h e i g h t o f 7.5 Kv/cia i s a p p l i e d across p a i r s of 
l a y e r s of f l a s h - t u b e s , f i g u r e 3 . 4 , a f t e r a f u r t h e r d e l a y 
( a l r e a d y 9.0 ^ sec) of 1.0/Asec. The f l a s h e s i n the f o u r 
a r r a y s of f l a s h - t u b e s A, B, C, Dfare then recorded by the 
two m i r r o r - c a m e r a systems, f i g u r e 3.6. The whole of the 
f l a s h - t u b e s p e c t r o g r a p h i s i n a darkened e n c l o s u r e . The 
cameras (Dallymeyer 2" focus l e n s a t f 3.5) are s h u t t e r -
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r e c o r d of a s i n g l e p a r t i c l e i s shown i n f i g u r e 3.9. The 
l a r g e s i n g l e images a t the extremes of each r e c o r d are 
e l e c t r i c lamps which are used t o l o c a t e the. r e c o r d on a 
screen, ( s e c t i o n 3.5.2). The c l o c k s are used t o c o r r e -
l a t e data from the two cameras. The nominal ' c a p a c i t y 1 
of the cameras i s ~ 3000 r e c o r d s . 
3.4 The E l e c t r o n i c C i r c u i t s 
3.4.1 The Fl a s h - t u b e C i r c u i t s 
A b l o c k diagram of the u n i t s g e n e r a t i n g the h i g h 
v o l t a g e p u l s e f o r the f l a s h - t u b e s i s shown i n f i g u r e 3.10. 
The i n p u t from the momentum s e l e c t o r i s taken i n t o a f i r s t 
stage (cathode f o l l o w e r ) which then t r i g g e r s a s m a l l 
hydrogen t h y r a t r o n (CV 797). The o u t p u t of t h i s stage i s 
then f e d v i a a f e r r o x c u b e pulse t r a n f o r m e r t o the g r i d of 
a h i g h v o l t a g e hydrogen t h y r a t r o n , (XH8-100), which d i s -
charges a 0.5 .Msec delay l i n e , charged to \ 8 Kv, through a 
pul s e t r a n s f o r m e r . The o u t p u t of t h i s t r a n s f o r m e r i s then 
used t o t r i g g e r s i x s w i t c h i n g v a l v e s , C¥ 85, each of which 
di s c h a r g e s a bank of condensers charged t o -8 Kv through a 
U. fl. V . step up v o l t a g e p u l s e t r a n s f o r m e r . Thus the capa-
c i t a n c e of the f l a s h - t u b e a r r a y s ? w h i c h d i f f e r because of 
t h e i r s i z e s , can be separated. The l a r g e a r r a y s , A and 
D, have two o u t p u t u n i t s each, w h i l s t B and C, which have 
on l y about a q u a r t e r of the c a p a c i t y of A or D have one 
ou t p u t u n i t each. The f i n a l o u t p u t p u l s e , of about 20 Kv, 
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r i s e time of 0.5 Msec and l e n g t h 6 yu.se:c can be matched t o 
the i n d i v i d u a l e l e c t r o d e capacitance by f e e d i n g the pulse 
i n t o a r e s i s t o r c h a i n , and t a k i n g the pulse t o the e l e c -
t r o d e of the f l a s h - t u b e a r r a y s from a s u i t a b l e t a p p i n g 
p o i n t . I t was found t h a t t h i s r e s i s t o r c h a i n was v e r y 
c r i t i c a l and i t was necessary t o use many r e s i s t o r s t o 
p r e v e n t t r a c k i n g and t o o b t a i n r e l i a b l e o p e r a t i o n over 
l o n g p e r i ods. 
3.4.2 The C o n t r o l C i r c u i t s 
The momentum s e l e c t o r o u t p u t p u l s e i s a l s o used t o 
set o f f the data r e c o r d i n g a p p a r a t u s , f i g u r e 3.11, which 
then s u c c e s s i v e l y performs the f o l l o w i n g o p e r a t i o n s . 
1. F u r t h e r t r i g g e r pulses are suppressed, by e a r t h -
i n g one channel of the .Rossi c o i n c i d e n c e c i r c u i t s ( p a r a -
l y s i s ) . 
2. Reference b u l b s on the faces of each f l a s h - t u b e 
a r r a y are made t o glow, and c l o c k s , one i n each camera 
system are i l l u m i n a t e d so t h a t the r e c o r d s can be c o r r e -
l a t e d and the time of the event n o t e d . 
the 
3. The cameras are wound on ready f o r / n e x t event t o 
be r e c o r d e d . 
4. The p a r a l y s i s i s removed. 
3.5 The E x p e r i m e n t a l Measurements 
3.5.1 The S e l e c t i o n of Events 
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which corresponded t o the passage th r o u g h the i n s t r u m e n t 
of e i t h e r a s i n g l e p a r t i c l e or a s i n g l e p a r t i c l e accom-
panied by one o t h e r p a r t i c l e t hrough one f l a s h - t u b e a r r a y . 
Of the l a t t e r events o n l y those cases were accepted 
i n which i t was apparent from the p h o t o g r a p h i c r e c o r d 
( I B or CD) t h a t t h e t r i g g e r i n g p a r t i c l e and the accompanied 
p a r t i c l e c o u l d be d i s t i n g u i s h e d . Since the events were i n 
the f i r s t p l a c e s e l e c t e d e l e c t r o n i c a l l y by the momentum 
s e l e c t o r , which demanded t h a t the c a t e g o r y number should 
be s m a l l , the m a j o r i t y of m u l t i p l e events were r e j e c t e d 
a u t o m a t i c a l l y . I n p r a c t i c e , t h i s meant t h a t the o n l y 
accompanied p a r t i c l e s accepted were those few which 
generated "knock-on" e l e c t r o n s wi t h i n the i n s t r u m e n t , the 
e l e c t r o n s p a s s i n g through gaps i n the Geiger c o u n t e r s , 
and a few cases of w i d e l y separated jf-mesons. The accepted 
accompanied events amounted t o 6fo of the t o t a l . 
3.5.2 Measurement of Films t o g i v e P a r t i c l e T r a j e c t o r i e s 
A c o n v e n t i o n a l p r o j e c t i o n system c o n s i s t i n g of a 
s i n g l e 35 mm f i l m p r o j e c t o r , s e t i n a system of m i r r o r s 
( n o t t o be confused w i t h the m i r r o r s used i n the s p e c t r o -
graph) i s used so t h a t the f i n a l image of the r e c o r d f o r 
h a l f of the s p e c t r o g r a p h f a l l s on t o a moveable screen on 
a t a b l e . I t i s o n l y p o s s i b l e t o determine from the r e c o r d , 
the p r o j e c t e d d i stance of the t r a j e c t o r y from a f i x e d 
p o i n t on the f r o n t plane of the f l a s h - t u b e a r r a y . Refer-
r i n g t o f i g u r e 3.12; i f a, b, c, d, are the d i s t a n c e s of 
the t r a j e c t o r y t o f i x e d p o i n t s on the a r r a y s ( t h e r e f e r -
ence bulbs on f i g u r e 3.9 are used t o f i n d these) and a Q , 
b , c , d a r e the d i s t a n c e s o f the f i x e d p o i n t s t o the o o o * 
a r b i t r a r y reference: l i n e s , f i g u r e 3.12, then the; magnetic 
d e f l e c t i o n i s g i v e n by 
A - ( a + a Q ) - ( b + b Q ) - 0.972 £(C+C q) - (<H-d Q)J 3.2 
= A 0 + (a-b) - 0.972 (c-d) 
whereA o^ ( a o - b Q ) - 0.972 ( c Q - d o ) 3-3 
The f a c t o r 0.972 reduces the measurements i n the bottom 
h a l f of the sp e c t r o g r a p h t o the same v e r t i c a l d i s t a n c e as 
those measured i n the top (see t a b l e 3.2). Only a, b, c, d 
w i l l v a r y because of the p a r t i c l e p o s i t i o n s i n the t r a y s . 
Any e r r o r s i n t r o d u c e d because of d i s t o r t i o n produced 
by the ( t h i n ) m i r r o r s i n the s p e c t r o g r a p h are reduced by 
p r o j e c t i n g the f i l m s on t o screens on which was drawn a 
complete diagram of the tube system f o r each a r r a y . These 
diagrams were drawn u s i n g photographs i n which a l l the 
f l a s h - t u b e s had f l a s h e d and the r e f e r e n c e b u l b s glowed and 
were o b t a i n e d by i r r a d i a t i o n of the a r r a y s i n t u r n by a 
$-ray source d u r i n g the a p p l i c a t i o n of a succession of 
s e v e r a l h i g h v o l t a g e p u l s e s . Thus the p o s i t i o n of each 
photograph, and i n p a r t i c u l a r the p o s i t i o n of " f l a s h e d " 
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b u l b s on the screens. The s c a l e on which the d i s t a n c e s 
a, b, c, d were read,was c l o s e t o the c e n t r e of the a r r a y . 
The spacing of the tubes was used f o r the s c a l e ( u n i t s o f 
0.8c® or tube s p a c i n g , t . s . ) . The s c a l e diagrams f o r the 
top and bottom h a l v e s of the s p e c t r o g r a p h were drawn 
s e p a r a t e l y on screens, and the data analysed indepen-
d e n t l y . 
This method does n o t use the i n f o r m a t i o n g i v e n by 
the l a r g e s e p a r a t i o n of the l e v e l s f o r each h a l f of the 
sp e c t r o g r a p h (~1.8 m). Only a rough e s t i m a t e of the 
p a r e l l e l i s m of the set of f l a s h e s ( f i g u r e 3.9) can be 
made. This s e t s a l i m i t t o the accuracy of measurements 
(see s e c t i o n 5.6). 
This method of measurement w i l l s ubsequently be 
r e f e r r e d t o as the " p r o j e c t i o n method". 
3.5.3 The Track S i m u l a t o r 
I n o r d e r t h a t a l l the i n f o r m a t i o n g i v e n by the 
f l a s h e s can be used, a s c a l e model of a t y p i c a l c r o s s -
s e c t i o n of the f l a s h - t u b e a r r a y has been made. The c r o s s -
s e c t i o n has been e n l a r g e d by a f a c t o r of t e n i n the h o r i -
z o n t a l d i r e c t i o n , where g r e a t e r accuracy i s r e q u i r e d , and 
by t h r e e i n the v e r t i c a l d i r e c t i o n , t o make i t of con-
v e n i e n t s i z e f o r c o m f o r t a b l e manual o p e r a t i o n . The 
measurements made by the method of 3.5.2 g i v e the angle 
of the t r a j e c t o r y i n each h a l f of the s p e c t r o g r a p h t o 
q u i t e h i g h accuracy. The h i g h momentum p a r t i c l e s are 
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s e l e c t e d f o r more a c c u r a t e measurements, u s i n g the data 
g i v e n i n the p r e v i o u s s e c t i o n so t h a t t h e r e i s a l a r g e 
o v e r l a p r e g i o n t o t h i s d a t a . These events are then r e -
p r o j e c t e d and the p o s i t i o n of i n d i v i d u a l f l a s h e s i n each 
1evel r e c o r d e d on data sheets. 
The mo del i s shown i n f i g u r e s 3.13 and 3.14. S l o t s 
r e p r e s e n t the p o s i t i o n s of the s e n s i t i v e p o r t i o n s o f the 
f l a s h - t u b e s - a c c u r a t e l y a t the edges where the l i m i t s of 
p o s s i b l e t r a c k s are determined and a p p r o x i m a t e l y i n the 
i n t e r m e d i a t e p o s i t i ons. When i l l u m i n a t e d from below the 
s l o t s can be made t o r e p r e s e n t the exact g e o m e t r i c a l con-
f i g u r a t i o n of f l a s h e s . 
The e s t a b l i s h m e n t of c r i t e r i a t o be adopted f o r 
d e t e r m i n i n g the best e s t i m a t e of the t r a j e c t o r y i s one of 
some d i f f i c u l t y , because the tubes do not have 100/* 
i n t e r n a l e f f i c i e n c y and a p a r t i c l e may occasi o n a l l y cross 
a tube w i t h o u t the tube f l a s h i n g or a tube may sometimes 
f l a s h when not t r a v e r s e d by the t r i g g e r i n g p a r t i c l e but 
by a l o c a l l y generated knock-on e l e c t r o n which i s not 
re c o g n i s e d as such. 
I n p r i n c i p l e , i f the v a r i a t i o n of e f f i c i e n c y across 
the r a d i u s of a tube i s known, some form of maximum 
l i k e l i h o o d method can be used t o e s t i m a t e the p o s i t i on of 
the b e s t t r a j e c t o r y . B u l l e t a l ^ (1962), have r e c e n t l y 
developed a computer technique u s i n g a method of t h i s 
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t y p e . I n the p r e s e n t work, however, i t was f e l t t h a t a 
computer method was unnecessary because of the s m a l l 
amount of data i n the r e g i o n where such h i g h accuracy i s 
necessary, and a l s o because of the d i f f i c u l t y i n a l l o w i n g 
f o r the e f f e c t of the l o c a l l y generated knock—on e l e c t r o n s 
which cannot be r e c o g n i s e d by the computer, b u t which i n 
many cases can be wi t h the Track S i m u l a t o r . 
The c u r s o r of the 'Track S i m u l a t o r can be s e t t o the 
c o r r e c t angle g i v e n by the measurements i n 3.5.2 (bottom 
s e a l e ) and u s i n g the edges of b o t h " f l a s h e d " and " u n f l a s h e d " 
s l o t s the u n c e r t a i n t y i n p o s i t i o n or " c o r r i d o r w i d t h " a t 
each measuring l e v e l i s o b t a i n e d , such t h a t the c u r s o r 
o n l y passes over i l l u m i n a t e d s l o t s and avoids o t h e r s l o t s . 
The mean p o s i t i o n i n the c o r r i d o r i s taken as g i v i n g the 
b e s t e s t i m a t e of the p a r t i c l e p o s i t i o n ( t o p s c a l e ) and t h e 
p a r t i c l e d e f l e c t i o n can be c a l c u l a t e d as b e f o r e . 
C o r r e c t i o n was made f o r the decrease i n e f f i c i e n c y of 
the f l a s h - t u b e as a f u n c t i o n of t h e i r r a d i u s ( f i g u r e A.4.3) 
by d e c r e a s i n g the r a d i u s s l i g h t l y . This has the e f f e c t o f 
i n c r e a s i n g the c o r r i d o r w i d t h s l i g h t l y . 
This method of measurement w i l l s ubsequently be r e f e r r e d 
t o as the "Track S i m u l a t o r method". 
3.5.4. The C a l c u l a t i o n of the Data by Computer 
The v a l u e s o f a, b, c, d ( f i g u r e 3.12) o b t a i n e d i n 
3.5.2 were punched out on computer tape and the values of 
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d e f l e c t i o n , /~i , and , ( f i g u r e 3 • 12) nave been e v a l u a t e d 
u s i n g the F e r r a n t i Pegasus Computer of the Durham 
U n i v e r s i t y Computing L a b o r a t o r y , by Mr. G. Brooke. The 
r e s u l t s a r e m o s t l y p r e s e n t e d i n the form of h i s t o g r a m s . 
The computer a l s o s e l e c t s the p a r t i c l e s which a r e 
remeasured by the method of 3.5.3. 
I n o r d e r t h a t the number of h i s t o g r a m c e l l s s h o u l d 
be s m a l l , c u t - o f f v a l u e s of (Af =-6.5 cm and [(p\ - 0..8 cm 
were s e l e c t e d , and a l l v a l u e s g r e a t e r than t h e s e v a l u e s 
were r e j e c t e d . Thus any c o m b i n a t i o n of two p a r t i c l e s , or 
more, which have s i m u l a t e d a f a s t p a r t i c l e and which have 
been measured because they s a t i s f y the c r i t e r i a f o r s e l e c -
t i o n i n 3.5.1 w i l l a l m o s t c e r t a i n l y be r e j e c t e d b e c a u se of 
l a r g e v a l u e s of $> . 
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C h a p t e r 4 
The A l i g n m e n t P r o c e d u r e and t h e Measurement o f t h e Geo-
m e t r i c a l C o n s t a n t 
4' • 1 I n t r o d u c t i o n 
I n s e c t i o n 3.5.2 i t was seen t h a t measurement o f t h e 
d e f l e c t i o n o f a p a r t i c l e i n v o l v e d t h e q u a n t i t y 
A - a -b - 0.972 ( c -d ) 
0 0 0 X O 0 
w h i c h i s a c o n s t a n t f o r a l l t r a j e c t o r i e s . 
There a r e two methods o f c a l c u l a t i n g t h i s q u a n t i t y . 
The v a l u e s i n v o l v e d can each be measured d i r e c t l y on t h e 
s p e c t r o g r a p h t o a h i g h d e g r e e o f a c c u r a c y . T h i s i s a b y -
p r o d u c t o f t h e a l i g n m e n t o f t h e i n s t r u m e n t d u r i n g w h i c h 
t h e f l a s h - t u b e s a r e made a c c u r a t e l y p a r a l l e l t o each o t h e r . 
A l t e r n a t i v e l y t h e s p e c t r o g r a p h can be opera t e d w i t h 
zero, magnet f i e l d . Then t h e " d e f l e c t i o n " i s composed o f 
c o n t r i b u t i o n s due t o m u l t i p l e s c a t t e r i n g i n t h e s p e c t r o -
g r a p h and e r r o r s o f measurement. T h i s d i s t r i b u t i o n 
a l t h o u g h i t may n o t be p u r e l y G a u s s i a n , w o u l d be e x p e c t e d 
t o be s y m m e t r i c a l and t h e mean o f t h e d i s t r i b u t i o n g i v e s 
- A . - A - a-b - 0.972 ( c -d ) 4.1 
The method by w h i c h t h e s e two v a l u e s a r e o b t a i n e d 
w i l l be o u t l i n e d and t h e v a l u e s compared. U l t i m a t e l y t h e 
v a l u e o f t h e m.a.m. depends on t h e a c c u r a c y o f b o t h t h e 
a l i g n m e n t and A . 
4 1 . 
4.2 The A l i g n m e n t 
4. 2.1 The C a l c u l a t i o n o f 
;— . ,Q 
The c o n s t r u c t i o n and a l i g n m e n t o f t h e f l a s h - t u b e 
a s s e m b l i e s d e s c r i b e d , i n 3.2.4 i s e x t e n d e d h e r e t o c o v e r 
t h e w h ole o f t h e s p e c t r o g r a p h . The a l i g n m e n t o f t h e 
measuring- l e v e l s w i t h i n t h e s p e c t r o g r a p h has been c a r r i e d 
o u t by u s i n g a l a r g e t e m p l a t e b e t w e e n t h e l e v e l s i n each 
h a l f o f t h e s p e c t r o g r a p h , f i g u r e 4 . 1 . P i n e m o n o - f i l a m e n t 
n y l o n (•jr mm d i a m e t e r ) suspended above G^, f i g u r e 3.6, and 
c a r r y i n g w e i g h t s b e l o w D, passed t h r o u g h h o l e s i n p e r s p e x 
p l a t e s a t t h e n o r t h and s o u t h ends o f each t r a y o f f l a s h -
t u b e s . S i m i l a r t e m p o r a r y n y l o n f i l a m e n t s were u s e d a t t h e 
f r o n t , and r e a r i n t u r n , o f each t r a y t o r e l a t e t h e p o s i -
t i o n , o f a g i v e n m i l l e d s l o t t o a g r i d on t h e t e m p l a t e . 
Each l e v e l was r o t a t e d u n t i l t h e t u b e s were p a r a l l e l . I n 
t h i s way t h e s l o t s i n each l e v e l were made p a r a l l e l t o an 
e s t i m a t e d a c c u r a c y o f mm. 
The v a l u e 
4, .= -65.01 ± 0.05 u n i t s o f 0.8 cm 4.2 
was o b t a i n e d . 
The r e a d i n g s on t h e g r i d s o f t h e p e r s p e x p l a t e s a t 
each l e v e l were c h e c k e d p e r i o d i c a l l y d u r i n g t h e t i m e j d a t a 
were c o l l e c t e d . So change g r e a t e r t h a n jjr mm was d e t e c t e d . 
4.2.2 The S t a g g e r i n g o f t h e A r r a y s 
T h i s was r e m e a s u r e d w i t h t h e t r a y s i n p o s i t i o n and 
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Figure 4,1 t The alignment of th« f l a s h - t u b e a r r a y s . 
f u l l o f t u b e s . T h i s was an i m p o r t a n t measurement s i n c e 
d i s t o r t i o n o f t h e a r r a y s c o u l d o c c u r , e s p e c i a l l y t h e 
l a r g e r ones w h i c h h e l d o v e r 900 f l a s h - t u b e s w e i g h i n g 
o v e r 100 l b s . l o d e v i a t i o n o f t h e s t a g g e r i n g a t t h e ends 
o f each a r r a y g r e a t e r t h a n ^ mm was d e t e c t e d . 
4.2.3 The A c c u r a c y o f t h e H i l l i n g o f t h e S l o t s 
A s t r i p was t a k e n as s t a n d a r d and compared w i t h an 
a c c u r a t e l y e n g r a v e d s t e e l m e t r e r u l e . D e v i a t i o n s o f t h e 
s t r i p s u s e d i n t h e a r r a y s , f r o m t h e s t a n d a r d , measured a t 
i n t e r v a l s o f 5 t u b e s l o t s , c o u l d t h u s be r e l a t e d t o a 
1 
t r u e s c a l e . No s y s t e m a t i c d e v i a t i o n g r e a t e r t h a n — mm 
was f o u n d . A map o f t h e d e v i a t i o n s was p r e p a r e d w h i c h 
c o u l d be u s e d i n c o n j u n c t i o n w i t h t h e t r a c k s i m u l a t o r 
on t h e h i g h e s t momentum p a r t i c l e s , b u t i n f a c t i t was 
n o t f o u n d n e c e s s a r y t o u s e : . i t . 
4•3 The Z e r o f i e l d Measurements 
The f r e q u e n c y d i s t r i b u t i o n of A Q , e q u a t i o n 4.1 7 was 
o b t a i n e d f r o m f l a s h - t u b e d a t a on z e r o f i e l d b o t h b e f o r e 
and a f t e r t h e m a i n s e t o f d a t a was c o l l e c t e d , i n o r d e r 
t o see i f t h e r e was any s y s t e m a t i c movement o f t h e f l a s h -
t u b e a r r a y s . The h i s t o g r a m s o f t h e s e d i s t r i b u t i o n s a r e 
shown i n f i g u r e 4.2 where t h e y a r e compared w i t h G a u s s i a n 
d i s t r i b u t i o n s o f t h e same s t a n d a r d d e v i a t i o n . The d i f f e r -
ence b e t w e e n t h e two d i s t r i b u t i o n s i s due t o m u l t i p l e 
s c a t t e r i n g o f p a r t i c l e s i n t h e s p e c t r o g r a p h . The mean 
v a l u e s o f ^ , a r e shown i n t a b l e 4.1, t o g e t h e r w i t h t h e 
frequency 









A-A Q ( i n t . s . ) 
F i g u r e b,, 2 t The z e r o - f i e l d d i s t r i b u t i o n of A Q. 
43. 
f a b l e 4.1 : C o m p a r i s o n o f measurements b e f o r e and a f t e r r u n , 
Before- A f t e r . Combined Measured v a l u e 
( 4 . 2 . 1 ) 
-64.9410.04 -64.93i0.G3 
-68. 66+0. 05 -68.81*0.04 




no. o f 
e v e n t s 687 1579 2266 
-65-OltO. 05 
-68.77i-fl.04 
+ 0.01± C.01 
( c o r r e c t e d f o r 
d ) 
A l l d i m e n s i o n s a r e i n u n i t s o f ( 0 . 8 cm). 
44. 
v a l u e s f o r o t h e r q u a n t i t i e s d e r i v e d f r o m t h e same d a t a . 
There i s good agreement between t h e v a l u e s o f ^  ^ 
b e f o r e and a f t e r t h e raain r u n and a l s o o f t h e combined 
r e s u l t w i t h t h e measured v a l u e . 
I t i s a l s o p o s s i b l e t o check t h e v a l u e s o f a , b , r 0 ' o' 
C q , d Q i n d i v i d u a l l y by c a l c u l a t i o n o f t h e g e o m e t r i c a l 
c o n s t a n t f o r any t h r e e m e a s u r i n g l e v e l s a t a t i m e . When 
t h i s i s done a l l v a l u e s c o n t a i n i n g d Q d i f f e r by a s m a l l 
amount f r o m t h e v a l u e s o b t a i n e d f r o m t h e f r e q u e n c y d i s -
t r i b u t i o n s i n v o l v i n g t h e same m e a s u r i n g l e v e l s . However, 
when d Q i s o m i t t e d , as i n t h e g e o m e t r i c a l c o n s t a n t (K) f o r 
t h e t h r e e m e a s u r i n g l e v e l s , A , B, C, t h e n t h e r e i s good 
agreement w i t h t h e f r e q u e n c y d i s t r i b u t i o n c a l c u l a t e d u s i n g 
t h e d a t a f r o m t h o s e l e v e l s . I t i s t h u s c o n c l u d e d t h a t t h e 
v a l u e o f d Q may have some s l i g h t s y s t e m a t i c e r r o r and c a l -
c u l a t i o n shows t h i s t o be -r 0.04 cm, c o m p a r a b l e w i t h t h e 
a c c u r a c y o f measurement a t t e m p t e d . 
A n o t h e r q u a n t i t y w h i c h i s u s e d i n l a t e r c a l c u l a t i o n s 
fp , d e f i n e d i n f i g u r e 3.12, i s g i v e n by 
<p 0.985 { l . 3 3 3 b - 0.333 a - (1.317 c - 0.317 d^ cm 
4.3 
f o r t h e p r o j e c t i o n measurements o f s e c t i o n 3.5.2. 
The f r e q u e n c y d i s t r i b u t i o n o f t h i s v a l u e i s almost. 
s y m m e t r i c a l a b o u t z e r o and t h e mean v a l u e i s shown i n t h e 
t a b l e . However t h e c o r r e c t i o n t o t h e v a l u e o f d a f f e c t s 
o 
t h e c o n s t a n t t e r m i n 4.3, h u t t h e change i s o n l y s m a l l ; 
t h e c o r r e c t e d v a l u e o f p i s a l s o shown i n t h e t a b l e 1 ) . 
The d i s c r e p a n c y i n d i s n o t u n e x p e c t e d i n v i e w o f 
t h e methods a d o p t e d i n i t s measurement. I t must be 
remembered t h a t t h e m o n o - f i l a m e n t s a r e e f f e c t i v e l y pendu-
lums o f l e n g t h ^5 m e t r e s , and t h e w e i g h t s o f the bobs were 
l i m i t e d by t h e a v a i l a b l e d i m e n s i o n s i n w h i c h they were to 
hang. 
4.4 C o n c l u s i o n s 
I t i s c o n c l u d e d from the above measurements, t h a t the 
geometry of the s p e c t r o g r a p h i s known to a h i g h degree of 
a c c u r a c y - s e v e r a l t i m e s b e t t e r than the o v e r a l l u n c e r t a i n -
ty i n the l o c a t i o n a l a c c u r a c y o f t r a c k s g i v e n by the most 
a c c u r a t e method o f measurement w i t h the f l a s h - t u b e s and 
t h a t the b e s t v a l u e of A Q, the g e o m e t r i c a l c o n s t a n t of the 
s p e c t r o g r a p h i s g i v e n by 
/ - -64.94 ± 0.03 u n i t s of 0.8 cm. 
46. 
C h a p t e r 5 
The Measurement o f the ,M-aeson Hoaentna. Spectrum a t 
S e a - l e v e l 
5.1 I n t r o d u c t i o n 
The method of a n a l y s i s i n which the momentum spectrum 
i s d e r i v e d f r o m t h e b a s i c data i n v o l v e s the a p p l i c a t i o n of 
c e r t a i n c o r r e c t i o n s to the b a s i c d a t a . B e s i d e s the normal 
c o r r e c t i o n s f o r the f i n i t e l a t e r a l e x t e n t of the G e i g e r 
c o u n t e r system and magnetic f i e l d , which r e s u l t s i n an 
i n c r e a s i n g l o s s of p a r t i c l e s as the d e f l e c t i o n i n c r e a s e s , 
and e r r o r s i n the l o c a t i o n of the p a r t i c l e t r a j e c t o r i e s , 
t h e r e i s a n o t h e r c o r r e c t i o n i n t r o d u c e d by the momentum 
s e l e c t o r . 
The a b s o l u t e i n t e n s i t y of p a r t i c l e s i s not i t s e l f 
c a l c u l a t e d but i n order to n o r m a l i z e the spectrum i t was 
n e c e s s a r y to s e l e c t some e v e n t s from c a t e g o r i e s one and 
two,in a d d i t i o n to the h i g h e s t momentum group i n c a t e g o r y 
zero, and b e f o r e the yA—meson spec trum can be e v a l u a t e d the 
r e l a t i v e a c c e p t a n c e of each of the c a t e g o r i e s must be 
a c c u r a t e l y known. 
I n e v a l u a t i n g the /-meson spectrum i t i s c o n v e n i e n t 
to use an i n c i d e n t comparison spectrum, and to d e r i v e from 
t h i s , u s i n g the i n s t r u m e n t a l c o r r e c t i o n s , the d e f l e c t i o n 
s p e c t r u m t h a t would have been o b s e r v e d i n the experiment. 
47. 
The v a r i o u s c o r r e c t i o n s w i l l now be c o n s i d e r e d and 
the momentum spectrum d e r i v e d i n t h r e e o v e r l a p p i n g bands, 
each of which has i t s own p a r t i c u l a r t e c h n i q u e of t r a c k 
measurement and u n c e r t a i n t y f o r the d e f l e c t i o n e s t i m a t e . 
F i n a l l y , a b e s t e s t i m a t e of the d i f f e r e n t i a l *-meson s p e c -
trum w i l l be o b t a i n e d and compared w i t h p r e v i o u s r e s u l t s . 
5.2 The Magnetic F i e l d . 
I n the r u n n i n g of an e x t e n s i v e p i e c e of a p p a r a t u s 
many s o u r c e s of e r r o r s , which can l e a d to b i a s i n the 
d a t a , can a r i s e . To reduce t h e s e to a minimum the f o l l o w -
i n g p r o c e d u r e s were adopted. 
The g r e a t e s t s o u r c e of b i a s l i e s i n the d e t e r m i n a t i o n 
of magnetic d e f l e c t i o n . To reduce t h i s b i a s to a minimum, 
the d i r e c t i o n of the magnetic f i e l d was f r e q u e n t l y changed 
n o r m a l l y d a i l y , and i t s v a l u e was k e p t n e a r l y c o n s t a n t 
d u r i n g the p e r i o d of c o l l e c t i o n of d a t a . The mean v a l u e , 
I , i s g i v e n by 
I — 57.48 Amperes ( r . m . s . d e v i a t i o n 0.87A), 
g i v i n g a v a l u e f o r the l i n e i n t e g r a l of the magnetic f i e l d 
f i g u r e 5.1, o f , 
Hdl « 6.025 x 1 0 5 gauss-cm 
The mean c u r r e n t and the mean, w e i g h t e d f o r the 
numbers of p a r t i c l e s a c c e p t e d d u r i n g each " r u n " of v a r y i n g 
p e r i o d , were not found to d i f f e r . 
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Magnet current, amps 
Figure 5*1 * The v a r i a t i o n o f the l i n e i n t e g r a l Of the 
magnetic f i e l d with the magnet current 
( a f t e r Brooks et a l , (196213))* 
48. 
I n t e r m s o f t h e s e p a r a t i o n o f t h e l a y e r s A and B, 
t h e r e l a t i o n b e t w e e n m a g n e t i c d e f l e c t i o n , A , and momentum, 
p, i s g i v e n by ( s e e e q u a t i o n 2.2b) 
p£ - 41.64 * 0.08 GeV/c. t . s . 5.1 
« 33.31 ± 0.06 Ge?/c. cm. 5.1a 
By f r e q u e n t l y r e v e r s i n g t h e f i e l d , b i a s , d u e t o v a r i a -
t i o n s i n t h e e f f i c i e n c y o f t h e G e i g e r c o u n t e r a c c e p t a n c e 
s y s t e m o r s m a l l amounts o f assymmetry i n t h e g e o m e t r y o f 
t h i s s y s t e m a r e l a r g e l y removed. T h i s i s t h e case a l s o 
f o r t h e momentum a n a l y s e r where p e r i o d i c changes i n b i a s 
v o l t a g e s a r e l i k e l y t o o c c u r . These f o r m s o f b i a s s h o u l d 
n o t be c o n f u s e d w i t h t h e m a g n e t i c b i a s i m p o s e d by t h e 
o v e r a l l g e o m e t r y o f t h e c o u n t e r a c c e p t a n c e s y s t e m ( s e c t i o n 
5.4) w h i c h can be c o r r e c t e d f o r i n t h e d a t a . 
The d i f f e r e n c e i n r u n n i n g t i m e -/or t h e two f i e l d d i r e c -
t i o n s amounted t o 5 h o u r s (more lor n e g a t i v e f i e l d ) b u t t h i s 
was c o u n t e r a c t e d by a c c e p t i n g more p a r t i c l e s ( 2 $ ) \or t h e 
o p p o s i t e d i r e c t i o n o f f i e l d . T h i s i s e s p e c i a l l y i m p o r t a n t 
i n r e g a r d t o t h e d e t e r m i n a t i o n o f t h e p o s i t i v e - n e g a t i v e 
r a t i o o f t h e ^-mesons a t s e a - l e v e l . 
5•3 The C a l i b r a t i o n o f t h e Momentum S e l e c t o r . 
B e f o r e t h e s e l e c t o r can be u s e d as d e s c r i b e d i n s e c -
t i o n 3.3.3, i t i s n e c e s s a r y t o know a c c u r a t e l y t h e r e l a t i v e 
p r o b a b i l i t y o f s e l e c t i o n o f v o l t a g e p u l s e s o f d i f f e r e n t s i z e 
49. 
s i n c e t h i s w i l l o t h e r w i s e i n t r o d u c e b i a s i n t o the 
measurements. The a c c e p t a n c e c h a r a c t e r i s t i c of p u l s e s 
f e d i n t o the momentum s e l e c t o r i . e . the r e l a t i v e numbers 
a l l o w e d to pass through i t , was o b t a i n e d a t the b e g i n n i n g 
and t e r m i n a t i o n of each d a i l y r u n . A mean c h a r a c t e r i s t i c 
of t h e s e two measurements was o b t a i n e d . 
The c a l i b r a t i o n was o b t a i n e d by f e e d i n g i n a r t i f i c i a l 
p u l s e s a t a c o n s t a n t r a t e whose h e i g h t c o u l d be v a r i e d to 
s i m u l a t e the d i f f e r e n t p u l s e h e i g h t s from the momentum 
a n a l y s e r . The r a t e a t which p u l s e s were t r a n s m i t t e d by 
the s e l e c t o r was then o b t a i n e d . T y p i c a l c u r v e s a r e shown 
i n f i g u r e 5.2, f o r a c c e p t a n c e of two d i f f e r e n t c a t e g o r y 
groups. 1 t can be seen t h a t whereas n e a r l y a l l p u l s e s 
c o r r e s p o n d i n g to c a t e g o r y number 0 a r e pa s s e d f o r the 
l a r g e r a c c e p t a n c e c u r v e , only 755- a r e a c c e p t e d f o r t h e 
s m a l l e r c u r v e . However the r a t i o of a c c e p t a n c e i s f a r 
l a r g e r f o r p u l s e c a t e g o r i e s i l . I n o r d e r to more r a p i d l y 
a c c u m u l a t e d a t a i n the h i g h energy r e g i o n , the s m a l l e r 
c u r v e which i s more b i a s s e d a g a i n s t the lower energy 
p a r t i c l e s was used. 
The r e l a t i v e numbers of p a r t i c l e s i n the c a t e g o r i e s 
p a s s e d by the s e l e c t o r , can be o b t a i n e d i f the d i s t r i b u -
t i o n of p u l s e h e i g h t s about the mean v a l u e f o r each c a t e -
gory , i s known. T h i s d i s t r i b u t i o n a r i s e s from the v a r i o u s 
c o m b i n a t i o n s of G e i g e r c o u n t e r g e o m e t r i e s /and t h e r e f o r e 
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Figure 5*2 t The momentum s e l e c t o r c h a r a c t e r i s t i c s f o r 
category 0 only, and categories 0, +1 only. 








figure 5,3 $ A t y p i c a l momentum s e l e c t o r charac 
t e r i s t i c 
v o l t a g e ' s ) w h i c h g i v e r i s e t o a g i v e n c a t e g o r y , and t h e 
i n h e r e n t i n a c c u r a c y o f t h e v o l t a g e s g i v e s r i s e to a 
d i s t r i b u t i o n of p u l s e h e i g h t s about the i d e a l o r mean 
v a l u e . T h i s d i s t r i b u t i o n can be r e p r e s e n t e d by a f u n c -
t i o n which i s f l a t to a d i s t a n c e 0.15 c a t e g o r i e s from 
the i d e a l v a l u e and then f a l l s l i n e a r l y to zero a t 0.25 
c a t e g o r i e s ( D.^-Jones , 1961) . These f u n c t i o n s w i l l be 
c e n t r e d about the means of the c a t e g o r i e s as shown i n 
f i g u r e 5.2. 
The r e l a t i v e p r o b a b i l i t y of c a t e g o r i e s -t-1, 0, -1 b e i n g 
p a s s e d by the momentum s e l e c t o r w i l l then be g i v e n by the 
prod u c t of the o r d i n a t e s of the c a l i b r a t i o n c u r ve and the 
d i s t r i b u t i o n w i t h i n a c a t e g o r y and t a k i n g the r a t i o of the 
a r e a s under the new c u r v e s so formed. A t y p i c a l momentum 
s e l e c t o r . c h a r a c t e r i s t i c i s shown i n f i g u r e 5.3. 
The c a l i b r a t i o n d a t a on p o s i t i v e and n e g a t i v e magnetic 
f i e l d were k e p t s e p a r a t e . F i n a l s e p a r a t e s e t s of d a t a were 
o b t a i n e d which were r e p r e s e n t a t i v e of the t o t a l number of 
e v e n t s g a t h e r e d i n the 94 " r u n s " . These a r e g i v e n i n 
T a b l e 5.1. I t can be seen t h a t t h e r e i s a s m a l l b i a s i n 
f a v o u r of n e g a t i v e c a t e g o r i e s and n e g a t i v e p a r t i c l e s . 
5•4 The Magnetic B i a s 
The magnetic b i a s i s determined by the o v e r a l l geometry 
of the G e i g e r c o u n t e r t e l e s c o p e as w e l l as by the f i n i t e 
s i z e of the G e i g e r c o u n t e r s a l o n e . Both of t h e s e f a c t o r s 
have been c o n s i d e r e d by Brooke e t a l , ( 1 9 6 2 b ) . The prob-
a b i l i t y of a p a r t i c l e of d e f l e c t i o n A b e i n g r e c o r d e d i n 
T a b l e 5.1 : The p e r c e n t a g e of p a r t i c l e s i n the c a t e g o r i e s 
from the momentum s e l e c t o r c a l i b r a t i o n . 
M a i n l y p o s i t i v e 
p a r t i c l e s 
Mainly n e g a t i v e 
p a r t i c l e s 
l a g n e t i c p u l s e c a t e g o r y No. of 
f i e l d f i l m s 
r 1 0 -1 
p o s i t i v e #.69 91.68 3.63 49 
-1 0 f l 
n e g a t i v e 4.67 92.42 2.92 45 
T o t a l 3.84 92.04 4.12 94 
s due to o v e r l a p p i n g of a c c e p t a n c e c h a r a c t e r i s t i c s of G e i g e r 
c ounters, 
Table 5.2 : ^ ^J0j^^B^E±-Bi^S3^^.cleg ^ n. " f c n e c a t e g o r i e s 
from a r e p r e s e n t a t i v e sample of p a r t i c l e s . 
M a i n l y p o s i t i v e Mainly n e g a t i v e 
p a r t i c l e s p a r t i c l e s 
l a g n e t i c S p e c t r o g r a p h c o u n t e r c a t e g o r y 
f i e l d 
- ? -1 0 4 l 12 
f0 
2 1 t  
p o s i t i v e 1.0 24.44 65.8 8.3 0.5 
+ 2 4-1 0 -1 -2 
n e g a t i v e 0.8 11.5 68.2 18.5 1.0 
-2 -1 0 4 1 + 2 
T o t a l 1.0 21.6 67.0 9.8 0.6 





Table 5.2 : The comparison of the computer and drawing 
methods. 
Me:thod/Spectro . c a t . no. -2 -1 0 +1 -f 2 
Drawing 1.0 21.6 67.0 9.8 0.6 /"• 
Computer 0.86 20.8 67.3 10.04 0.69 
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a g i v e n c a t e g o r y , ( c o n v e n i e n t l y taken to be c a t e g o r y 
z e r o ) 5 c a l l e d the e l e m e n t a r y f u n c t i o n G(A) i s g i v e n i n 
f i g u r e 5«4a. The o v e r a l l a c c e p t a n c e f u n c t i o n X ^ ) which 
a r i s e s from the f i n i t e l a t e r a l e x t e n t of the magnetic 
f i e l d and G e i g e r c o u n t e r t r a y s , i s g i v e n i n f i g u r e 5.4b. 
To o b t a i n the a c c e p t a n c e f u n c t i o n f o r a c a t e g o r y number 
n the mean of the e l e m e n t a r y f u n c t i o n curve i s moved by 
3.8 x n cm and m u l t i p l i e d by A ( A ) . C o r r e c t i o n has been 
made f o r the s h o r t e r s e p a r a t i o n of the f l a s h - t u b e measur-
i n g l e v e l s , A, B. 
5.5 The A l t e r n a t i y e D e r i v a t i o n of the R e l a t i v e l u m b e r s of 
P a r t i c l e s i n the C a t e g o r i e s 
I t was f e l t t h a t an independent check on the momentum 
s e l e c t o r c h a r a c t e r i s t i c was d e s i r a b l e . A r e p r e s e n t a t i v e 
sample of f i l m s was s e l e c t e d , c o m p r i s i n g some 1974 p a r t i c l e s 
on both f i e l d d i r e c t i o n s . A s c a l e drawing of the s p e c t r o -
graph was made g i v i n g the f l a s h - t u b e m easuring l e v e l s c a l e 
p o s i t i o n and a l s o the G e i g e r c o u n t e r p o s i t i o n s . U s i n g a 
perspex c u r s o r , the p o s i t i o n of the t r a j e c t o r y of the p a r -
t i c l e was r e c o n s t r u c t e d w i t h the v a l u e s a, b, c, d, f i g u r e 
3.12, and the p a r t i c u l a r G e i g e r c o u n t e r i n t e r s e c t e d a t 
each l e v e l was noted. Thus i t was p o s s i b l e to o b t a i n the 
numbers of p a r t i c l e s o c c u r r i n g i n the c a t e g o r i e s . 
G(A) 
0.3 
F i g . 5. hat The elementary 
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Magnetic d e f l e c t i o n A, i n cm. 
S i n c e t h e d a t a u s e d i n t h e s p e c t r u m d e t e r m i n a t i o n 
( s e c t i o n 3.5.4) o n l y had d e f l e c t i o n s i n t h e r a n g e -6.5 
<_ a •£-+6.5 cm i n o r d e r t o s i m p l i f y t h e c a l c u l a t i o n 
and s t o r a g e i n t h e c o m p u t e r c a l c u l a t i o n programme, then 
o n l y f r a c t i o n a l p a r t s o f t h e c a t e g o r i e s w i t h v a l u e s o f 
d e f l e c t i o n i n t h i s range w i l l be r e q u i r e d . The d e f l e c -
t i o n s p e c t r a o f t h e • v a r i o u s c a t e g o r i e s was c a l c u l a t e d 
u s i n g t h e momentum s p e c t r u m p r e v i o u s l y d e t e r m i n e d , 
Ashton e t a l , ( 1 9 6 0 ) . A p p l y i n g t h i s c o r r e c t i o n f o r the: 
s p e c t r u m , t h e n the r e l a t i v e numbers i n the c a t e g o r i e s i s 
ob t a i n e d , t a b l e 5.2. The e f f e c t of the p o s i t i v e - n e g a -
t i v e r a t i o on the b i a s was s u b t r a c t e d out by the a d d i -
t i o n of the d a t a f o r both f i e l d d i r e c t i o n s f o r a g i v e n 
c a t e g o r y . E q u a l numbers of p a r t i c l e s were c o n s i d e r e d on 
each f i e l d d i r e c t i o n . 
The c o n c l u s i o n s to be drawn from comparison of 
t a b l e s 5.1 and 5.2 a r e t h a t some unknown s o u r c e of e r r o r 
i s p r e s e n t i n the c a l i b r a t i o n p rocedure of the s e l e c t o r . 
T h i s may be due to the r e l a t i v e l y l a r g e r a t e a t which 
p u l s e s a r e f e d i n t o i t , ~ 360/min, compared w i t h the 
e x p e r i m e n t a l r a t e ^ 3 / m i n . S i n c e u s i n g t h e p a r t i c l e s 
t h e m s e l v e s o b v i o u s l y g i v e s a more r e l i a b l e c a t e g o r y 
d i s t r i b u t i o n t h i s d a t a has been used i n the d e r i v a t i o n 
o f t h e s p e c t r u m c a r r i e d o u t i n t h i s c h a p t e r . The f o r m 
o f the v a r i a t i o n o f t h e momentum s e l e c t o r b i a s o v e r two 














^ f l e c t i o n , A ( i n em) 
Figure 5.5b* The momentum select ox* Mas 
seen t h a t the number of p o s i t i v e p a r t i c l e s a c c e p t e d 
exceeded the number of n e g a t i v e p a r t i c l e s a c c e p t e d . T h i s 
w i l l be f u r t h e r c o n s i d e r e d i n s e c t i o n 7.3. 
A f u r t h e r check was a f f o r d e d independent of any 
assumed spectrum, w i t h a d i r e c t c a l c u l a t i o n by a computer 
programme of the d i s t r i b u t i o n of p a r t i c l e s i n the c a t e -
g o r i e s u s i n g the d a t a a c c e p t e d by the computer. I n t h i s 
programme the pr o c e d u r e p r e v i o u s l y adopted u s i n g the 
s c a l e drawing was c a r r i e d out by a l g e b r a . The r e s u l t of 
the computer programme and the drawing method a r e com-
pared i n t a b l e 5.3. I n the drawing t e c h n i q u e c o r r e c t i o n s 
were made f o r the i n a c c u r a c y of t r a c k 1 o c a t i o n w i t h the 
f l a s h - t u b e s , measured by the p r o j e c t i o n method. T h i s 
amounted to a 6% l o s s of p a r t i c l e s . 
I n both t e c h n i q u e s a l s o , a c e r t a i n f r a c t i o n of the 
d a t a gave t r a j e c t o r i e s which p a s s e d through the gap 
between G e i g e r c o u n t e r s . These a r e a t t r i b u t e d to p a r t i -
c l e s which produce "knock-on" e l e c t r o n s which t r i g g e r the 
G e i g e r c o u n t e r s or to two p a r t i c l e s or s m a l l l o c a l showers 
or p a r t s t h e r e o f , p a s s i n g through the a p p a r a t u s . These 
l a t e r e v e n t s can a l s o be r e c o g n i s e d by the i n c o h e r e n c e of 
t h e i r t r a j e c t o r i e s a t the c e n t r e of the magnetic f i e l d 
f i g u r e 3 . 1 ? ) . The p e r c e n t a g e of p a r t i c l e s r e j e c t e d i n 
t h i s way was 12$, i n good agreement w i t h the ex p e c t e d 
v a l u e f o r "knock-on" e l e c t r o n s of 4f<?, f o r each of t h e 
55. 
f o u r m e a s u r i n g l e v e l s , e.g. ( L l o y d and W o l f e n d a l e , ( l 9 5 9 ) ) • 
5•6 The E r r o r s i n the D e f l e c t i o n Measurements by t h e 
E£M.eetio;n,JIethod 
The measured d e f l e c t i o n d e r i v e d f r o m t h e p o s i t i o n o f 
the f l a s h e s i n each l e v e l i s not the t r u e magnetic d e f l e c -
t i o n , but a c o m b i n a t i o n of magnetic d e f l e c t i o n , s c a t t e r i n g 
d e f l e c t i o n , and a component due t o t h e l o c a t i o n e r r o r , 
a r i s i n g from the geometry of the f l a s h - t u b e s . The depen-
dence of t h e s e q u a n t i t i e s on each o t h e r i s d e r i v e d i n 
A p p e n d i x 1. Thus i f e q u a t i o n A 1 . 4 s i s p l o t t e d a g a i n s t 
A", t h e s l o p e of the graph w i l l g i v e K and t h e i n t e r c e p t . 
The c a l c u l a t i o n was c a r r i e d out i n two p a r t s . I n 
o r d e r to get the i n t e r c e p t a c c u r a t e l y , 958 p a r t i c l e s 
were u s e d , h a v i n g A i n the range 
-1.2<A < + 1.2 cm ( f, 
The r e l a t i o n between ($f~ and (A.)* i s shown i n f i g u r e 
5.6a. U s i n g t h e e x p e c t e d v a l u e of K' ( e q u a t i o n A1..3), t h e 
r.m.s. e r r o r a t a s i n g l e m e asuring l e v e l ta can be d e r i v e d 
from the i n t e r c e p t , 
/ f l» 0.091 ± 0.003 cm 5.2 
T h i s c o r r e s p o n d s t o a t o t a l r.m.s. e r r o r f o r f o u r measur-
i n g l e v e l s 
f r= 0.181 ± 0.006 cm 5.3 
or a median v a l u e of 
C.Ooh 
Cm 
0.02 / ' i j r u r e 5»6a 
_ j L_ 
o.h 0.8 1.2 1.6 
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56. 
(^r)^i. '"• ° - 1 2 0 - 0.004 era 5.3a 
From e q u a t i o n 5.1a, t h i s l e a d s to a maximum d e t e c t a b l e 
momentum based on the pro b a b l e e r r o r ( s e e s e c t i o n 2.2) of 
P™ A » * 2 7 3 i 8 GeV/c 5.4 
m.a.m. 
S i n c e even i n the range - 6 . 5 ^ A 6 + 6 . 5 cm, t h e i n c r e a s e 
i n w i t h s c a t t e r i n g i s s m a l l , then a f r e q u e n c y d i s t r i -
b u t i o n of f> can be p l o t t e d . T h i s i s shown i n f i g u r e 5.7 
f o r 680 of the p a r t i c l e s used i n the above c a l c u l a t i o n . 
The r.m.s. s t a n d a r d d e v i a t i o n of t h i s d i s t r i b u t i o n l e a d s 
to Sf - 0.180 cm. The d i s t r i b u t i o n i s compared w i t h a 
G a u s s i a n d i s t r i b u t i o n h a v i n g the same s t a n d a r d d e v i a t i o n 
and i t i s app a r e n t t h a t they a r e v e r y s i m i l a r . 
I t i s p o s s i b l e f o r the G e i g e r c o u n t e r t e l e s c o p e to 
be t r i g g e r e d by two u n a s s o c i a t e d p a r t i c l e s or p a r t s of 
s m a l l showers e.g. one through G^ and Gg and the o t h e r 
through QQ, Gq and G^, ( f i g u r e 3 . 6 ) , w i t h i n the r e s o l v i n g 
time of the R o s s i c o i n c i d e n c e c i r c u i t s . These e v e n t s can 
be r e c o g n i s e d by p r e d i c t i n g the p o s i t i o n of i n t e r s e c t i o n 
of l e v e l H from r e c o r d s of the f l a s h e s i n A, B, C and D layer's of 
f l a s h - t u b e s . Genuine 5 - f o l d c o i n c i d e n c e s wi11 have a 
s m a l l v a l u e f o r the s e p a r a t i o n . For e a s e of accumula-
t i o n of d a t a f o r the -A* d i s t r i b u t i o n s , f i g u r e s 5. 6a 
and 5.6b, wi t h i n the computer programme, l i m i t s have to 
be imposed on ^  . The l i m i t s imposed, - 0 . 8 ^ ^ <. -t-0.8 cm, 
a r e such t h a t few s p u r i o u s e v e n t s can be r e c o r d e d and the 
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n-c 5.7 : Thu u ^ i i c ; / J i s t r i t . - u t i o n o f <f> Vy the 
P r o j e c t o r method. 
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a s s u m p t i o n o f a G a u s s i a n d i s t r i b u t i o n w i t h o u t a c u t - o f f 
a f f e c t i n g t h e r.m.s. v a l u e of f~ i m p l i e s t h a t the c o r r e c t 
l o c a t i o n e r r o r has been o b t a i n e d . 
H a v i n g o b t a i n e d (pc a c c u r a t e l y , a s i m i l a r c a l c u l a t i o n 
w i t h p a r t i c l e s h a v i n g A i n the range -6 . 55 ^ + 6 . 5 cm 
(momentum 5 GeV/c) y i e l d s the v a l u e o f K ( e q u a t i o n A l .4) . 
T h i s r e s u l t i s shown i n f i g u r e 5.6b which i s based on 4390 
p a r t i c l e s . U s i n g the p r e v i o u s l y found v a l u e of ^  , a 
l e a s t s q u a r e s c a l c u l a t i o n was performed to f i n d the b e s t 
s l o p e . The b e s t l i n e i s shown i n f i g u r e 5.6b and y i e l d s 
a v a l u e of 
K ~ 0.0534 ± 0.008 5.5 
i n good agreement w i t h the v a l u e found from knowledge o f 
t h e m a t e r i a l i n the s p e c t r o g r a p h beam ( e q u a t i o n A1.3). 
5.7 The C o r r e c t i o n F a e t o r s f o r the E r r o r i n Tr a c k L o c a t i o n 
I t i s c o n v e n i e n t to d i v i d e the momentum range under 
i n v e s t i g a t i o n i n t o t h r e e o v e r l a p p i n g bands, each of which 
c o r r e s p o n d s to a p a r t i c u l a r t e c h n i q u e of p a r t i c l e t r a c k 
measurement and u n c e r t a i n t y f o r the d e f l e c t i o n e s t i m a t e . 
S i n c e most of the p a r t i c l e s f a l l i n the l o w e s t momentum 
band because of t h e s t e e p s l o p e of the spectrum, i t i s 
n e c e s s a r y to adopt a method of measurement which i s both 
q u i c k and s u f f i c i e n t l y a c c u r a t e and h e r e the measurements 
made w i t h the p r o j e c t i o n method a r e u s e d . I n the h i g h e r 
momentum bands more i n v o l v e d t e c h n i q u e s i n v o l v i n g the use 
58. 
o f t h e Track S i m u l a t o r method of measurement a r e use d . 
I n a g i v e n momentum band, i t i s p o s s i b l e to extend 
the 
t h e s p e c t r u m t o momenta above/m.d.m. by a p p l y i n g c o r r e c -
t i o n s to t h e computed i n t e n s i t i e s a t the upper end ©f the 
band. T h i s problem i s c o n s i d e r e d i n Appendix 2 where a 
r e l a t i o n i s d e r i v e d f o r t h e c o r r e c t i o n to t h e o r d i n a t e of 
t h e d e f l e c t i o n s p e c t r u m i n t e r m s o f t h e r.m.s. e r r o r i n 
d e f l e c t i o n . The v a r i a t i o n of t h e c o r r e c t i o n f a c t o r i s 
shown i n f i g u r e 5.8 as a f u n c t i o n of . At the maxi-
mum d e t e c t a b l e momentum ( = 0.674) the apparent i n t e n -
s i t y exceeds t h e t r u e i n t e n s i t y by 44$« 
S i n c e i t i s d e s i r e d t o e x t e n d t h e spectrum measure-
ments to the h i g h e s t p o s s i b l e momenta, even above the 
m.d.m. i n the h i g h e s t momentum band, i t i s n e c e s s a r y to 
check the v a l i d i t y o f the c o r r e c t i o n f a c t o r s . T h i s can 
be done by c o m p a r i n g t h e i n t e n s i t i e s measured i n t h e 
r e g i o n of o v e r l a p between two momentum bands, where s i g -
n i f i c a n t c o r r e c t i o n s w i l l have been a p p l i e d to the i n t e n -
s i t i e s i n the lower b a n d , b u t not i n the h i g h e r band. 
C o n s i s t e n c y i n the d a t a w i l l then support the v a l i d i t y 
of the c o r r e c t i o n s to the h i g h e s t momentum p o i n t . 
I f the e r r o r d i s t r i b u t i o n were known w i t h v e r y g r e a t 
accuracy, i t would i n p r i n c i p l e be p o s s i b l e to determine 
the momentum s p e c t r u m to momenta many time s the m.d.m. 
by a p p l y i n g the a p p r o p r i a t e c o r r e c t i o n s to the observed 
0 O.U 0 .8 1.2 1.6 2.0 
Figure 5*8 t The c o r r e c t i o n f a c t o r f o r the error 
i n track l o c a t i o n . 
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d a t a (Appendix 2). I n t h e p r e s e n t case however i t i s f e l t 
t h a t t h e d i s t r i b u t i o n i s o n l y known to s u f f i c i e n t a c c u r a c y 
t o p e r m i t a d e t e r m i n a t i o n to a momentum of about t w i c e the 
m . d . m. 
5.8 The Comp-ar^scm S p e c t r a 
I n e v a l u a t i n g t h e /i-meson s p e c t r u m i t i s c o n v e n i e n t 
/ 
to use an i n c i d e n t comparison s p e c t r u m and to d e r i v e from 
t h i s u s i n g the i n s t r u m e n t a l c o r r e c t i o n s , a d e f l e c t i o n 
spectrum which i s of the form of the expected measured 
spectrum and then v a r y some parameter u n t i l a good f i t 
w i t h the measured d a t a i s o b t a i n e d . As mentioned i n 
C h a p t e r 1 , s e v e r a l p r o c e s s e s c o n t r i b u t e to the r e s u l t a n t 
f l u x of p a r t i c l e s . 
At momenta l e s s than about 10 GeV/c the p r o c e s s e s of 
the i o n i s a t i o n l o s s and decay of ^ u-mesons predominate i n 
removingyH-mesons from the s e a - l e v e l f l u x but above t h i s 
f i g u r e i n t e r a c t i o n of if-mesons t a k e s p l a c e , r e s u l t i n g i n a 
l o s s to theyti-meson be'am and o t h e r p r o c e s s e s have s m a l l e r 
c o n t r i b u t i o n s . 
The d a t a c o l l e c t e d w i t h the s e l e c t o r have momenta 
above ~ 5 GeV/c. I n the r e g i o n 5 to 10 GeV/c the d a t a are 
compared w i t h t h e ^ - m e s o n momentum spectrum o b t a i n e d u s i n g 
the G e i g e r c o u n t e r s , Gardener e t a l , ( 1 9 6 2 ) , which has h i g h 
s t a t i s t i c a l a c c u r a c y , (^Q.Sfo e r r o r ) , and the whole o f , t h e 
d a t a c o l l e c t e d i n the p r e s e n t experiment i s e f f e c t i v e l y 
60. 
n o r m a l i s e d i n t h i s r e g i o n . Above 20 GeV/c, t h e f o r m o f t h e 
c o m p a r i s o n s p e c t r u m i s based on t h e a n a l y s i s o f B a r r e t t 
e t a l , ( 1 9 5 2 ) . 11 i s shown i n A p p e n d i x 3 t h a t t h e sea-
l e v e l d i f f e r e n t i a l /"-meson s p e c t r u m i n t h e v e r t i c a l 
d i r e c t i o n can be e v a l u a t e d f r o m assumed f-meson p r o d u c t i o n 
s p e c t r a w h i c h can be r e p r e s e n t e d by 
where p i s t h e rr-meson momentum a t p r o d u c t i o n . S i n c e t h e 
momentum s p e c t r u m o f t h e p a r e n t T"-aesons i s o f such i n t e r -
e s t , t h e yi-meson c o m p a r i s o n s p e c t r a a t s e a - l e v e l have been 
e v a l u a t e d f r o m t h i s assumed s p e c t r u m by v a r y i n g Y u n t i l 
t h e b e s t f i t w i t h t h e measured d a t a i s o b t a i n e d , and by 
u s i n g a s i m p l e ; model f o r t h e p r o p a g a t i o n t h r o u g h t h e a t -
m osphere. The c o n t r i b u t i o n s t o t h e measured i n t e n s i t i e s 
by p r o t o n s and f - m e s o n s above 5 GeV/c a r e n e g l i g i b l e , 
M y l r o i and W i l s o n , ( 1 9 5 1 ) and B rooke e t a l , ( l 9 6 2 a ) . 
The e x t r a p o l a t e d measured G e i g e r c o u n t e r s p e c t r u m , 
G a r d e n e r e t a l , ( I 9 6 2 ) and t h e s p e c t r u m o f e q u a t i o n A3.9 
a g r e e i n t h e p r e d i c t e d r a t e s a t a b o u t 20 GeV/c. 
5-9 The Moment-am Spectrum i n _ the Range 5«1 - 333 SeV/c 
by t h e P r o j e c t i o n Method 
The f i r s t band o f momentum r e f e r s t o d e f l e c t i o n s 
b e t w e e n 6.5 and 0.1 cm. The momenta c o r r e s p o n d i n g t o 
t h e s e l i m i t s a r e 5.1 and 333 GeV/c and the e f f e c t i v e mean 
v a l u e s o f momentum , p , i n t h e c e l l s a r e g i v e n by 
I 
5.7 
K - h 
where i s t h e mean s l o p e o f t h e d i f f e r e n t i a l y M ~ meson 
spectrum between the l i m i t s o f momentum p., p 0 , c o r r e s -
ponding to the l i m i t s of the d e f l e c t i o n c e l l . 
The a c c e p t e d measurements of d e f 1 e c t i o n u s i n g the 
p r o j e c t i o n method a r e g i v e n i n t a b l e s 5.4 and 5.5. 
P o s i t i v e and n e g a t i v e d e f l e c t i o n s have been taken t o -
g e t h e r so t h a t the r e s u l t s r e f e r to a l l p a r t i c l e s , 
i r r e s p e c t i v e of s i g n . 
For ^/it-meson momenta i n the r a n g e 5.1 ^ p <20 GeV/c, 
the G e i g e r c o u n t e r momentum spectrum and i t s e x t r a p o l a -
t i o n was c o n v e r t e d to a d e f l e c t i o n spectrum u s i n g 
e q u a t i o n 5 . 1 . For h i g h e r momenta the t h e o r e t i c a l 
c omparison s p e c t r a were s i m i l a r l y c o n v e r t e d . C o r r e c t i o n 
was made f o r magnetic b i a s , s e c t i o n 5.4. The d e f l e c t i o n 
spectrum of each c a t e g o r y was then d e r i v e d ; norma-
l i s a t i o n of the two p a r t s of the spectrum was c a r r i e d 
out a t a d e f l e c t i o n c o r r e s p o n d i n g t o 20 GeV/c. C o r r e c -
5.5. 
Summation was then c a r r i e d out o v e r a l l the c a t e g o r i e s 
and c o r r e c t i o n made f o r e r r o r s i n t r a c k l o c a t i o n , 
•62. 
s e c t i o n 5.7 and e q u a t i o n 5.3. The observed and e x p e c t e d 
d e f l e c t i o n d i s t r i b u t i o n s were then n o r m a l i s e d to each 
o t h e r over the whole range of d e f l e c t i o n f o r measurements 
c a r r i e d out by the p r o j e c t i o n method. 
The r e s u l t s f o r 5.1 ^  p ^ 1 0 . 1 GeV/c are shown i n 
t a b l e 5.4. The \ b t e s t was used to study the goodness of 
f i t of the o b s e r v e d d a t a and the p r e d i c t e d v a l u e s from the 
G e i g e r c o u n t e r spectrum and i t was found t h a t t h e r e was a 
15$ l e v e l of s i g n i f i c a n c e . I t can t h e r e f o r e be c o n c l u d e d 
t h a t the agreement between the e x p e r i m e n t a l d a t a and the 
p r e d i c t e d v a l u e s i s s a t i s f a c t o r y . The observed i n t e n s i -
t i e s shown i n t a b l e 5.4 a r e c a l c u l a t e d f o r the observed 
number of p a r t i c l e s n o r m a l i s e d to the G e i g e r c o u n t e r 
spectrum i n t h i s r e g i o n , and i t i s c o n c l u d e d t h a t the 
a c c u r a c y o f n o r m a l i s a t i o n i s w i t h i n the s t a t i s t i c a l 
a c c u r a c y , i l . 6 ^ of the number of p a r t i c l e s o b s e r v e d . 
B e a r i n g i n mind the r e l e v a n t e r r o r s i t i s c o n s i d e r e d t h a t 
the a d d i t i o n a l e r r o r i n t r o d u c e d i n t o the h i g h e r momenta 
d a t a by the n o r m a l i s a t i o n p r o c e d u r e i s ~ l 2 $ . The G e i g e r 
c o u n t e r spectrum was i t s e l f n o r m a l i s e d a t 1 Ge?/c to the 
R o s s i , ( 1 9 4 8 ) v a l u e and any s y s t e m a t i c e r r o r i n t h i s 
i n t e n s i t y w i l l be c a r r i e d f o r w a r d ( s u c h an e r r o r h a s , 
i n f a c t , been s u g g e s t e d by York, ( 1 9 5 2 ) ) . 
I n the range of ^-meson momentum u n a f f e c t e d by 
n o r m a l i s a t i o n , 10.1 - 333 GeV/c, the o b s e r v e d d e f l e c t i o n 
d i s t r i b u t i o n and the e x p e c t e d d e f l e c t i o n d i s t r i b u t i o n 
63. 
Table 5.4 : The b a s i c d a t a b e l o v 10.1 GeV/c. 
D e f l e c t i o n 




















E x p e c t e d Observed S. D. 
no. of I n t e n s i t y at 

















T¥elexpe$ted number o f p a r t i c l e s i s c a l c u l a t e d from t h e 
G e i g e r c o u n t e r spectrum, Gardener e t a l , ( 1 9 6 2 ) . The observed 
r a t e s a r e those n o r m a l i s e d t o t h e G e i g e r c o u n t e r s p e c t r u m . 
* ( c m ~ 2 s e c " 1 s t " 1 ( G e ? / c ) ~ 1 ) 
Table 5.5 : The b a s i c d a t a above 10.1 Qel/c. 
D e f l e c t i o n Mean Observed 
I n t e r v a l Momentum no. of 
(cm) (GeV/c) p a r t i c l e s 
3.3-2.9 10.8 1167 
2.-9-2.5 12.4 1347 
2.5-2.1 14.6 1492 
2.1-1..? 17.8 1520 
X • 7 ™" «L • 3 22.6 1550 
1.3-0.9 31.3 1410 
0.9-0.7 42.3 635 
0.7-0.5 56.1 498 
0.5-0.3 85.0 1 329 
0.3-0.1 181 192 
<0.1 - 60 
E x p e c t e d Observed S. D. 
no. o f In&e&ei&jr a t 
p a r t i c l e s p f> % 
1118 8.51x10"*;: 3.0 
1314 6.14xl0~£ 2.7 




1607 1 . 3 9 x l 0 ~ ? 2.6 
1467 5.85x10"^ 2.6 
619 2.88x10"*° 3.9 
502 1.22x10"° 4.5 
354 3.53x10"' 
3.63x10 
5.4 1. 01 
181 7.1 1. 15 
37 — 12.8 2. 66 
x Average c o r r e c t i o n f a c t o r f o r u n c e r t a i n t y i n t r a c k l o c a t i o n 
where d i f f e r e n t f r o m u n i t y . The e x p e c t e d column i s c a l c u l a t e d 
from e q u a t i o n A3.9 w i t h % — 2.64 and from the G e i g e r c o u n t e r 
spectrum. The obse r v e d r a t e i s n o r m a l i s e d to t h a t p r e d i c t e d 
by the G e i g e r c o u n t e r spectrum, t a b l e 5.4. 
( c m ' ^ s e c " 1 s t " 1 ( G e V / c ) ~ * ) . 
b a s e d on e q u a t i o n 13.9 were a g a i n compared u s i n g t h e A 
t e s t . The c o m p a r i s o n was c a r r i e d o u t by t a k i n g d i f f e r -
e n t v a l u e s o f | i n t h i s e q u a t i o n and c a l c u l a t i n g "X f o r 
each v a l u e . The v a l u e s o f OC a r e p l o t t e d as a f u n c t i o n 
o f X i n f i g u r e 5.9. From t h i s c u r v e i t can be seen t h a t 
t h e b e s t f i t i s g i v e n by 
1 ~ 2.64 r 0.05 5.8 
where t h e b e s t f i t has a 50% l e v e l o f s i g n i f i c a n c e , t h e 
e r r o r c o r r e s p o n d i n g t o 16$ p r o b a b i l i t y o f 7 b e i n g o u t s i d e 
t h e l i m i t s . 
A l t h o u g h t h e e x p o n e n t r e f e r s t o t h e r a n g e 10.1 — 333 
GeV/c, t h e h i g h e s t momentum i s a t 181 OeV/c and t h e b u l k 
o f t h e s t a t i s t i c a l w e i g h t comes f r o m 10 - 100 Ge?/c. 
Gardener e t a l , (1962) have shown t h a t t h e b e s t f i t v a l u e 
o f "6 o v e r t h e r a n g e 5 - 1 0 GeV/c i s 2.65, so t h a t t h e 
measurements do n o t s u g g e s t a s i g n i f i c a n t change i n X 
o v e r t h e r a n g e 5 - 100 GeT//c. The i n t e n s i t i e s f o u n d f r o m 
t h e p r o j e c t i o n method o f a n a l y s i s a r e g i v e n i n f i g u r e 
5.10, ( c i r c l e s ) , where t h e y a r e shown above 20 GeV/c as a 
p e r c e n t a g e d i f f e r e n c e f r o m t h e e x p e c t e d i n t e n s i t i e s 
d e r i v e d f r o m a t^-meson p r o d u c t i o n s p e c t r u m h a v i n g con-
s t a n t e x p o n e n t , % ~ 2.64, and b e l o w 20 GeV/c as a p e r -
c e n t a g e d i f f e r e n c e f r o m t h e G e i g e r c o u n t e r s p e c t r u m and 
i t s e x t r a p o l a t i o n . T h i s f i g u r e s e r v e s t o check on t h e 
c o n s i s t e n c y o f t h e i n t e n s i t y measurements f r o m t h e 
36 




Figure ,5*9 * The v a r i a t i o n o f v i t h r tor the 





Momentum, in G«*jfc. 
IOOO 
Figure 5,10 i The percentage d i f f e r e n c e of the 
measured i n t e n s i t i e s from the 
expected i n t e n s i t i e s c a l c u l a t e d 
tor Y = 2.64. 
d i f f e r e n t methods o f a n a l y s i s i n t h e o v e r l a p r e g i o n s . 
5.10 The Momentum Sp;ectrum_j Ln ^  t h e Sange 66.6 — I64O, QeV/g 
by t h e T r a c k S i m u l a t o r Method. 
The l e v e l o f a c c u r a c y w i t h w h i c h f l a s h - t u b e d a t a i s 
a n a l y s e d i s s e t by t h e amount o f d a t a w h i c h has t o be 
a n a l y s e d and t h e t i m e a v a i l a b l e . 
The r e l a t i v e l y s i m p l e p r o j e c t i o n method o f a n a l y s i s 
i n w h i c h a b e s t e s t i m a t e i s chosen by eye i s s a t i s f a c t o r y 
f r o m t h e p o i n t o f v i e w o f a c c u r a c y f o r a l a r g e f r a c t i o n o f 
t h e f l a s h - t u b e d a t a . E e f e r e n c e t o t a b l e 5.5 shows t h a t 
t h e c o r r e c t i o n f a c t o r t o be a p p l i e d f o r u n c e r t a i n t y i n 
t r a c k l o c a t i o n r i s e s r a p i d l y a t s m a l l d e f l e c t i o n s and t h e 
d a t a c a n n o t be q u o t e d r e l i a b l y much above t h e maximum 
d e t e c t a b l e momentum because o f t h e l i m i t e d s t a t i s t i c s . 
I t can be seen t h a t t h e p e r c e n t a g e c o r r e c t i o n a p p l i e d t o 
t h e e x p e c t e d s p e c t r u m f o r t h e c e l l o f mean momentum 
a p p r o a c h i n g t h e m.d.m. i s 15$, where t h e s t a t i s t i c a l 
a c c u r a c y i s a b o u t h a l f t h i s v a l u e . 
I n o r d e r t o d e t e r m i n e t h e d e f l e c t i o n s p e c t r u m more 
a c c u r a t e l y a t h i g h e r momenta,the T r a c k S i m u l a t o r method 
can be a p p l i e d t o t h o s e c e l l s where t h e c o r r e c t i o n f o r 
n o i s e i s a p p r e c i a b l e by t h e p r o j e c t i o n method o f a n a l y s i s . 
Because o f t h e l o n g e r t i m e t a k e n f o r t h i s more a c c u r a t e 
method o f a n a l y s i s o f t h e f l a s h - t u b e d a t a , t h e r e g i o n o v e r 
w h i c h i t can be u s e f u l l y and e f f i c i e n t l y a p p l i e d i s l i m i -
66, 
Table 5.6 : The c o r r e c t i o n to the s e l e c t e d remeasured d a t a 
.because of e r r o r s i n t r a c k l o c a t i o n by the pro-
j e c t i o n method of a n a l y s i s . 
C e l l 
(cm) 
l o . of 
P a r t i c l e s 
S.D. 
ft, 
" E x p e c t e d " 
no. of 
p a r t i c l e s 
C o r r e c t e d 
" E x p e c t e d " 
no. 


















The e x p e c t e d number of p a r t i c l e s i s c a l c u l a t e d f o r a v a l u e of 
i> ~ 2.64 i n the comparison spectrum 13.9. 
T a b l e 5.7 : The b a s i c d a t a i n the range 66.6 ~ 1640 Ge?/e. 
D e f 1 e c t i o n 





























Ex p e c t e d 
no. of 
































+ 5 0 / 2.64 
-31 
X Average c o r r e c t i o n f a c t o r f o r n o i s e where d i f f e r e n t from 
u n i t y . The e x p e c t e d column i s c a l c u l a t e d from e q u a t i o n A3.9 
w i t h i~ 2.64. The observed r a t e is n o r m a l i s e d to t h a t p r e -
d i c t e d by the G e i g e r c o u n t e r spectrum, (1951 ) . 
o, Regener, ( 1 9 5 1 ) • 
Table 5.8 : The b a s i c d a t a i n t h e range 128 - 1640 Ge?/c. 
D e f l e c t i o n Mean Observed 
I n t e r v a l Momentum no. of 
(cm) (GeV/c) p a r t i c l e s 
0.26-0.18 153 " 31 
0.18-0.10 244 24 
0.10-0.06 413 6 
0.06-0.02 894 5 
< 0.02 - 1 
X, °, x , see t a b l e 5.7. » 
E x p e c t e d * Observed S.D.° 
no. of l a t e a t 
p a r t i c l e s — * P o 
4.93*10-° 
1.31x10"° 
2 . 1 4 x l 0 " y 
fo X 
35.9 18 1 
21.0 20 1.02 
5.75 +60/ 1.18 





0.85 •f •230/ 
-83 
5.1 
( c a ' ^ s e c " 1 s t - 1 ( G e V / c O - i ) 
67. 
t e d . To a p p l y t h i s f u r t h e r method o f a n a l y s i s t h e 
o r i g i n a l d a t a , h a v i n g d e f l e c t i o n l e s s t h a n 0,8 cm,was 
s e l e c t e d . On r e - a n a l y s i s a c u t - o f f f o r t h e new d e f l e c -
t i o n s p e c t r u m was made a t 0.5 cm. Because o f t h e o r i g i -
n a l c u t - o f f a t 0.8 cm some p a r t i c l e s w h i c h on r e - a n a l y s i s 
w o u l d have had d e f l e c t i o n w i t h i n t h e new c u t - o f f w i l l he 
e x c l u d e d , f i g u r e 5 . 1 1 , and t h i s w i l l depend on t h e m a g n i -
t u d e s o f t h e d e f l e c t i o n and t h e u n c e r t a i n t y i n t r a c k l o c a -
t i o n , s e c t i o n 5.6. The c o r r e c t i o n t o t h e e x p e c t e d s p e c t r u m 
f o r t h i s r e a s o n i s shown i n t a b l e 5.6 where i t can be seen 
t h a t t h e y do n o t exceed t h e s t a t i s t i c a l e r r o r s . 
I n o r d e r t o s t u d y t h e a c c u r a c y o f t h i s method o f 
a n a l y s i s t h e v a l u e o f <p , f i g u r e 3.12, was c a l c u l a t e d f o r 
217 p a r t i c l e s w i t h new d e f l e c t i o n s l e s s t h a n J0.3 cm. The 
f r e q u e n c y d i s t r i b u t i o n o f (j> i s shown i n f i g u r e 5.12. The 
m e d i a n v a l u e o f t h i s d i s t r i b u t i o n i s 
4 - 0.066 rt 0.01 cm 5.9 median 
and t h e m.d.sa. d e r i v e d f r o m t h i s v a l u e , c o r r e s p o n d i n g t o 
t h e p r o b a b l e e r r o r i n t r a c k l o c a t i o n i s 
p , = 493 ± 84 GeV/c 5.9a 
I f t h e d i s t r i b u t i o n i s G a u s s i a n t h e n t h e r.m.s. v a l u e 
w i l l - be 
U )n THFIT = 0.0984 i 0.0056 cm 5.10 V T r.m. s . G a u s s i a n 0.674 
or g"- 0.050 i 0.003 c « 5.10a 
0 0 . 2 O.k 0 . 6 0 . 8 
A, i n cm 
ElgraWj5.11 t The c o r r e c t i o n to be a p p l i e d t o 
the selected remeasured data 
"because o f -errors i n t r a c k l o c a -
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1 +0. 16 0.1 6 +0.32 0 0.32 
0 ( i n 0.8 cm) 
F i g u r e 5.12: The frequency d i s t r i b u t i o n of <f> "by t h e 
Track Simulator Method. 
68.. 
The a c t u a l r.m.s. v a l u e i s 
=• 0.107 d 0.005 cm 5.11 
o r 
0.055 ± 0.002 o~ 5.11a 
s h o w i n g t h a t t h e d i s t r i b u t i o n i s n o t q u i t e G a u s s i a n , and 
t h e method o f c o r r e c t i o n f o r e r r o r s o f l o c a t i o n o f p a r t i c l e 
t r a j e c t o r y c a l c u l a t e d on t h e b a s i s o f a G a u s s i a n d i s t r i b u -
t i o n A p p e n d i x 1 , c a n n o t be d i r e c t l y a p p l i e d . I t can be 
seen t h a t i f t h e c o r r e c t i o n f a c t o r , f i g u r e 5.8, i s a p p l i e d 
t o t h e t r i a l s p e c t r u m a s s u m i n g t h e l a r g e r v a l u e o f e r r o r 
o f t r a c k l o c a t i o n , e q u a t i o n 5 . 1 1 , t h e n t h e t r i a l s p e c t r u m 
w i l l be o v e r - c o r r e c t e d f o r n o i s e , w h i l e i f t h e s m a l l e r 
v a l u e i s u s e d , e q u a t i o n 5.10, t h e e f f e c t o f n o i s e i s under-
e s t i m a t e d . The b e s t e s t i m a t e o f t h e c o r r e c t i o n f a c t o r i s 
g i v e n by some i n t e r m e d i a t e v a l u e and t h i s was o b t a i n e d by 
t a k i n g t h e mean v a l u e o f t h o s e v a l u e s g i v e n by t h e l i m i t s , 
e q u a t i o n 5.10, 5.11. T h i s r e s u l t a n t c o r r e c t i o n f a c t o r : i s 
shown i n f i g u r e 5.13. 
The v a l u e o f t h e m.d.m. can be compared w i t h t h e 
v a l u e s e s t i m a t e d by B u l l e t a l , ( 1 9 6 2 ) , f o r t h e p r e s e n t 
i n s t r u m e n t . These a u t h o r s show t h a t an u p p e r l i m i t t o t h e 
m.d.m. s h o u l d be 681 ± 24 GeV"/c and e s t i m a t e t h a t , a 
r e a l i s t i c v a l u e w o u l d be a b o u t 520 GeV/c, i n good a g r e e -
ment w i t h t h e measured v a l u e , e q u a t i o n 5.9a. 
V 3 x A, i n u n i t s o f 0.8 cm 
0.05 0.1 0.15 0.20 
, , , , 1 , — 
0.1 0.2 0.3 
A, i n u n i t s of 0.8 cm 
Figure 5*13 i The mean c o r r e c t i o n f a c t o r f o r the 
e r r o r i n t r a c k l o c a t i o n f o r the two 
ranges o f momentum covered by the 
t r a c k simulator measurements* 
I s i n t h e p r e v i o u s s e c t i o n t h e o b s e r v e d and e x p e c t e d 
d e f l e c t i o n s p e c t r a were compared u s i n g the ^ fj" t e s t , f o r 
d i f f e r e n t v a l u e s o f V and i n t h e r a n g e o f momentum f r o m 
66.6 GeV/c t o 1640 GeV/c. The r e s u l t i s shown i n f i g u r e 
5.14, where % % i s p l o t t e d as a f u n c t i o n o f $ . The v a l u e 
o f i g i v i n g the b e s t f i t i s 
t - 2.67 i 0.10 
a t t h e 90^ l e v e l o f s i g n i f i c a n c e , t h e e r r o r c o r r e s p o n d -
i n g t o t h e iSfo p r o b a b i l i t y o f $ b e i n g o u t s i d e t h e l i m i t s . 
The h i g h l e v e l o f s i g n i f i c a n c e i s due t o t h e v e r y s m a l l 
d e p a r t u r e o f t h e r e s u l t s and t h e t h e o r e t i c a l l y p r e d i c t e d 
d e f l e c t i o n s p e c t r u m f r o m l i n e a r i t y . I t i s t h e r e f o r e 
c o n c l u d e d t h a t t h e v a l u e o f T g i v i n g b e s t f i t t o t h e 
d a t a i n t h e r a n g e 66.6 - 1640 GeV/c i s n o t s i g n i f i c a n t l y 
d i f f e r e n t f r o m t h e v a l u e deduced o v e r t h e l o w e r momentum 
r a n g e 10.1 - 333 Ge V/c. I n o r d e r t o compare t h e r e s u l t s 
o v e r t h e w h o l e r a n g e o f momentum f r o m 10.1 GeV/c t o t h e 
maximum d e t e c t a b l e momentum, t h e d a t a i n t h e p r e s e n t 
r a n g e a r e compared w i t h a t r i a l s p e c t r u m w i t h t - 2.64, 
i n t a b l e 5.7. 
The d a t a f r o m t h e p r e s e n t momentum r a n g e a r e shown 
i n f i g u r e 5.10, ( s q u a r e s ) , where t h e y a r e g i v e n as a 
p e r c e n t a g e d i f f e r e n c e f r o m t h e e x p e c t e d s p e c t r u m c a l c u l a -
t e d as b e f o r e w i t h i~ 2.64. At t h e l o w e r end o f t h e 
r a n g e where t h e r e i s an; o v e r l a p w i t h t h e p r e v i o u s r a n g e 
i t i s seen t h a t t h e r e i s good agreement c o n f i r m i n g t h e 
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Figure 5.14 • The v a r i a t i o n of / w i t h y f o r the 
momentum r e g i o n 66.6-16^0 QeV/c. 
The p o s s i b i l i t y o f e x t e n d i n g t h e a c c u r a c y o f t h e 
p a r t i c l e t r a j e c t o r y l o c a t i o n by v a r i o u s methods was 
i n v e s t i g a t e d and t h e r e s u l t s a r e shown i n A p p e n d i x 4. 
U s i n g t h e c o n c l u s i o n s drawn f r o m t h i s a p p e n d i x t h e 
r e s u l t s i n t a b l e 5.7 above 128 GeV/c were r e - a n a l y s e d 
and a l l e v e n t s where 
were r e j e c t e d . The new c o r r e c t i o n f a c t o r f o r e r r o r s i n 
t r a c k l o c a t i o n , f i g u r e 5.13, was d e t e r m i n e d by t a k i n g 
t h e r e s u l t i n g f a c t o r by w h i c h t h e a c c u r a c y o f d e t e r m i n a -
t i o n o f p a r t i c l e t r a j e c t o r y was i m p r o v e d and f i n d i n g t h e 
new s m a l l e r v a l u e o f d e f l e c t i o n a t w h i c h t h i s o c c u r r e d . 
The r e s u l t i n g new c o r r e c t i o n f a c t o r w i l l t h e n be g i v e n by 
t h e u p p e r a b s c i s s a s c a l e , f i g u r e 5.13. The d a t a a r e shown 
i n t a b l e 5.8, where they are a g a i n compared w i t h a t r i a l 
s p e c t r u m w i t h t 2.64. The a p p l i c a t i o n o f t h i s method 
r e s u l t s i n an i n c r e a s e i n t h e m.d.m., t h e new v a l u e being. 
657 - 112 GeV/c. The d a t a i n t h e h i g h e r momentum r a n g e , 
above 128 GeV/c, a r e shown i n f i g u r e 5.10, ( t r i a n g l e s ) , 
where t h e y a r e g i v e n as b e f o r e , and i t i s seen t h a t t h e r e 
i s good agreement i n t h e o v e r l a p r e g i o n a t t h e l o w momen-
tum end. 
6 7 f median ( s e e e q u a t i o n 5.9) 
C o m p a r i s o n o f t h e measurements made by t h e d i f f e r e n t 
methods shows no e v i d e n c e f o r i n c o n s i s t e n c y o u t s i d e t h e 
s t a t i s t i c a l e r r o r s and i t i s c o n c l u d e d t h a t t h e r e i s no 
s i g n i f i c a n t i n c o n s i s t e n c y o v e r t h e w h o l e momentum r a n g e . 
5.11 The B e s t E s t i m a t e o f t h e Sp e c t r u m and i t s C o m p a rison 
w i t h o t h e r Work 
Sot a l l t h e d a t a o f f i g u r e 5.10 can be used f o r t h e 
f i n a l s p e c t r u m because i n t h e o v e r l a p r e g i o n s t h e p o i n t s 
a r e n o t s t a t i s t i c a l l y i n d e p e n d e n t . I n s t e a d , i n d e p e n d e n t 
p o i n t s have been chosen f r o m t h e s e p a r a t e momentum bands 
i n t h e r a n g e 5.1 - 128 GeV/c ( t a b l e s 5.4, 5.5, and 5.7) 
and a r e g i v e n i n t a b l e 5.9. Above 128 Ge?/e o b s e r v e d 
i n t e n s i t i e s g i v e n i n t a b l e s 5-7 and 5.8 were combined t o 
o b t a i n a mean v a l u e , t h e e r r o r on t h i s mean v a l u e being-
t a k e n as t h a t o f t h e more a c c u r a t e method o f measurement, 
( t a b l e 5 . 8 ) . The j u s t i f i c a t i o n o f t a k i n g a s t r a i g h t mean 
and n o t a w e i g h t e d one l i e s i n t h e r e l a t i v e a c c u r a c y o f 
t h e m easurements. A l t h o u g h t h e r e s u l t s i n t a b l e 5.7 a r e 
l e s s a c c u r a t e because o f t h e l a r g e c o r r e c t i o n f a c t o r f o r 
u n c e r t a i n t y i n t r a c k l o c a t i o n , t h e y a r e based on b e t t e r 
s t a t i s t i c s . 
The b e s t e s t i m a t e o f t h e measured i n t e n s i t i e s above 
128 Ge?/c i s g i v e n i n t a b l e 5.9. Thus t a b l e 5.9 f o r m s 
t h e b e s t e s t i m a t e o f t h e measured i n t e n s i t i e s w i t h t h e 
72. 
T a b l e 5.9 : The measured i n t e n s i t y of n e a r - v e r t i c a l cosmic 
r a y muons as a f u n c t i o n of momentum above 5.1 
GeV/c. 
Method of Momentum D i f f e r e n t i a l I n t e n s i t y S t a t i s t i c a l e r r o r , 
measurement ( < j e v / c ) era™ 2sec - 1st,~ 1 (GeV/cV 1 ( s t a n d a r d 
d e v i a t i o n ) 
A & (5.45 3.21 x 10~T 4.2 
(6.3 2.44 x 10"T 3.5 
a (7.45 1.95 x 10"T 2.8 
(9.15 1.28 x 10~ 4 2.4 
10.8 8.51 x 10"^ 3.0 
I 12.4 6.14 x 10~j? 2.7 
14.6 4.35 x 10~2 2.6 
17.8 2.52 x 10 Z 2.6 
22.6 1.39 x 10~1 2.6 
31.3 5.88 x 10"° 2.6 
42.3 2.88 x 10"°- 3.9 
56.1 1.22 x 10 4.5 
72.5 5.75 x 10"^ 8 
I I 88.1 3.27 x 10"' 9 
112 1.36 x 10~ 7 10 
153 5.18 x 10~J 18 
244 1.14 x 10"" 20 
I I , I I I 413 1.98 x 10"^ n 60/-37 
894 1.84 x 1 0 " X U -r 70/-42 
* Region of n o r m a l i s a t i o n to G e i g e r c o u n t e r spectrum 
I P r o j e c t i o n method; m.d.m. = 273 t 8 GeV/c 
I I Track s i m u l a t o r me thod; m.d.m. - 493 ± 84 GeV/c 
I I I Track s i m u l a t o r method; m.d.m. - 657 ± 112 GeV/c. 
73. 
p r e s e n t a p p a r a t u s . The i n t e n s i t i e s g i v e n i n t h i s t a b l e 
and. w h i c h a r e p l o t t e d i n f i g u r e 5.15 have been c a l c u l a -
ted, i n two p a r t s : c o n v e r s i o n o f t h e d e f l e c t i o n s p e c t r u a 
t o a r e l a t i v e momentum s p e c t r u m , and t h e n o r m a l i s a t i o n 
o f t h e i n t e n s i t y . The r e l a t i v e i n t e n s i t i e s have been 
d e t e r m i n e d by d r a w i n g t h e c o n t i n u o u s momentum s p e c t r u m 
having- t h e b e s t f i t v a l u e o f Y , and p l o t t i n g t h e e x p e r i -
m e n t a l p o i n t s a t t h e mean momentum ( e q u a t i o n 5.7) 
c o r r e s p o n d i n g t o t h e l i m i t s o f t h e d e f l e c t i o n c e l l w i t h 
an i n t e n s i t y w h i c h b e a r s t h e same r e l a t i o n s h i p t o t h e 
o r d i n a t e o f t h e c o n t i n u o u s momentum s p e c t r u m as t h e f r e -
quency o f e v e n t s i n t h e d e f l e c t i o n c e l l b e a r s t o t h e 
e x p e c t e d number. 
The i n t e n s i t i e s g i v e n i n t a b l e 5.9 and f i g u r e 5.15 
a r e a b s o l u t e i n t h a t t h e y have been d e t e r m i n e d by t h e 
n o r m a l i s a t i o n o f t h e f l a s h - t u b e d a t a t o t h e l o w momentum 
G e i g e r c o u n t e r s p e c t r u m i n t h e common r a n g e , 5.1 - 10.1 
GeV/c. I t is shown i n s e c t i o n 5.9 t h a t t h e e r r o r i n t r o -
duced by t h i s p r o c e d u r e is i 2$. The f u l l l i n e i n f i g u r e 
5.15 above 20 GeV/c i s c a l c u l a t e d f r o m e q u a t i o n 13.9 w i t h 
f ~ 2.64- I t can be seen t h a t t h e r e i s c l o s e a g reement 
o f t h e measured i n t e n s i t i e s w i t h t h e p r e d i c t e d v a l u e s 
above 20 GeV/c. Below 20 Ge?/c, t h e f u l l l i n e i s t h e 
s p e c t r u m 
b e s t e s t i m a t e o f t h e G e i g e r c o u n t e r / a n d i t s e x t r a p o l a t i o n , 
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Figure 5.15 $ The d i f f e r e n t i a l momentum spectrum of 
^-mesons i n the v e r t i c a l d i r e c t i o n at 
Durham. 
74. 
t o t h e v a l u e g i v e n by R o s s i , ( 1 9 4 8 ) , 
I .= 2.45 x l C ~ 3 c m " 2 s e c " 1 s t ~ 1 ( G e ? / c ) ~ 1 
The i n t e n s i t i e s r e a d f r o m t h e c u r v e g i v i n g t h e b e s t 
f i t t o t h e e x p e r i m e n t a l p o i n t s a r e g i v e n i n A p p e n d i x 5, 
t a b l e A5.1, t o g e t h e r w i t h t h e e x p o n e n t o f t h i s s p e c t r u m 
( i . e . t h e s l o p e o f t h e c u r v e ) a t each o f t h e s t a t e d 
momenta. The s p e c t r u m r e f e r s e s s e n t i a l l y t o s i n g l e 
p a r t i c l e s w h i c h pass u n a c c o m p a n i e d t h r o u g h t h e i n s t r u m e n t , 
t h e number o f e v e n t s i n v o l v i n g a c c o m p a n i e d p a r t i c l e s b e i n g 
v e r y s m a l l ( 3 • 5 . 1 ) • 
B e f o r e c o m p a r i n g t h e p r e s e n t r e s u l t s w i t h t h o s e 
o b t a i n e d by o t h e r w o r k e r s , i t i s r e l e v a n t t o compare t h e 
r e s u l t s w i t h t h e e a r l i e r measurements o b t a i n e d w i t h t h e 
same i n s t r u m e n t g i v e n by A s h t o n e t a l , (l96G) . A l t h o u g h 
t h a t work gave t h e l o w momentum s p e c t r u m measured w i t h 
t h e G e i g e r c o u n t e r s ( w h i c h i s i d e n t i c a l w i t h t h a t shown 
i n f i g u r e 5.15 - 'Geiger c o u n t e r s ' ) t h e r e s u l t s o b t a i n e d a t 
h i g h momenta w i t h t h e f l a s h - t u b e s were o n l y p r e l i m i n a r y . 
The p r e s e n t i n t e n s i t i e s a r e c o n s i s t e n t l y b e l o w t h e b e s t 
l i n e t h r o u g h t h e e a r l i e r d a t a a t momenta above 10 GeV/c, 
f i g u r e 5.16. The r e d u c t i o n i n i n t e n s i t y i n c r e a s e s f r o m 
a b o u t 20?s a t 100 GeV/c t o 50^ a t 1000 GeV/c. The r e a s o n 
f o r t h i s d i s c r e p a n c y i s p a r t l y s t a t i s t i c a l ( t h e p r e s e n t 
work i s based on some seven t i m e s as many p a r t i c l e s ) and 
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5.16 ! The comparison of the "best estimate 
from the present work, curve B, w i t h 
the p r e l i m i n a r y r e s u l t s , curve A, 
obtained by the author at h i g h momen-
ta, Ashton e t a l , (1960). 
momentum i n t h e e a r l i e r work a r i s i n g from t h e p a u c i t y 
o f d a t a on w h i c h t h e e s t i m a t e was b a s e d . A f u r t h e r i m -
p r o v e m e n t i n t h e p r e s e n t work has been i n t h e i n v e s t i g a -
t i o n o f t h e momentum s e l e c t o r c h a r a c t e r i s t i c s w h i c h a r e 
now known more a c c u r a t e l y . I n t h e p r e v i o u s work, a T-
meson p r o d u c t i o n s p e c t r u m was deduced h a v i n g an exponent 
Y ' 2.55 ± 0.2, w h i c h i s n o t i n s i g n i f i c a n t d i s a g r e e m e n t 
w i t h t h e p r e s e n t w o r k . 
The d a t a i n f i g u r e 5.15 are p l o t t e d i n f i g u r e 5.17, 
" D ", as a p e r c e n t a g e d i f f e r e n c e from t h e t h e o r e t i c a l b e s t 
e s t i m a t e o f t h e s p e c t r u m ( w i t h t ~ 2.64) f o r p ? 20 GeV/c 
and t h e G e i g e r c o u n t e r s p e c t r u m and i t s e x t r a p o l a t i o n f o r 
5 < p <20 GeV/c. The d a t a b e t w e e n 5.1 and 10.1 GeV/c are 
shown t o g e t h e r w i t h t h e a c c u r a c y o f n o r m a l i s a t i o n . 
The p r e s e n t work i s a l s o compared w i t h t h e measure-
ments w i t h o t h e r s p e c t r o g r a p h s i n f i g - u r e 5.17. O n l y t h o s e 
s p e c t r o g r a p h s h a v i n g an m.d.m. above 100 GeV"/c a r e co n -
s i d e r e d , namely P i n e e t a l , (1959) ( t r i a n g l e s ) , and Pak 
e t a l , ( l 9 6 l ) , ( c r o s s e s ) , w i t h t h e C o r n e l l s p e c t r o g r a p h 
and E o d g e r s , (1957) , and Holmes e t a l , ( l 9 6 l a , b ) , ( s q u a r e s ) 
w i t h t h e M a n c h e s t e r s p e c t r o g r a p h . 
I t i s c o n v e n i e n t f o r t h e p u r p o s e s o f c o m p a r i s o n t o 
c o n s i d e r two r a n g e s , 5 - 100 GeV"/c and 100 - 1000 GeV"/c. 
I n t h e l o w e r momentum r a n g e t h e r e i s e x c e l l e n t a greement 
b e t w e e n t h e r e s u l t s o f t h e p r e s e n t e x p e r i m e n t and t h e 
C o r n e l l d a t a t o w i t h i n a b o u t 10$. The agreement w i t h t h e 
* M. 
4* c. C o r n t l l 
! 4 D. O u r k e n ! 
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MomcMym, in 
Figure 5 . 17 s The comparison with, previous r e s u l t s . 
The radius of the c i r c l e s gives the 
standard deviation, where no error i s 
indicated. 
76. 
M a n c h e s t e r d a t a i s n o t as good, s i n c e t h e M a n c h e s t e r 
p o i n t s a p p e a r t o be s i g n i f i c a n t l y h i g h e r above a b o u t 
30 GeV/c. I n t h e h i g h e r momentum r a n g e 100 - 1000 GeV/c, 
t h e d i v e r g e n c e o f t h e M a n c h e s t e r and Durham d a t a i n c r e a s e s 
and n e a r 1000 Gev/c t h e M a n c h e s t e r i n t e n s i t y i s some seven 
t i m e s t h e Durham i n t e n s i t y . There i s a l s o i n d i c a t i o n o f 
an i n c r e a s e i n t h e C o r n e l l i n t e n s i t y b u t t h i s i s based on 
t h e i r f i n a l p o i n t w h i c h i s o f lo w s t a t i s t i c a l a c c u r a c y so 
t h a t t h e r e i s no r e a l i n c o n s i s t e n c y o v e r t h e common momen-
tum r a n g e . 
I t s h o u l d be n o t e d t h a t t h e h i g h e s t p o i n t o f t h e 
M a n c h e s t e r d a t a i s o v e r t h r e e t i m e s t h e i r m.d.m., (356 
GeY/c) whereas t h e h i g h e s t Durham p o i n t i s o n l y h i g h e r 
t h a n t h e m.d.m. by a f a c t o r o f 1.4. Some d i f f e r e n c e m i g h t 
t h e r e f o r e be e x p e c t e d s i n c e t h e a c c u r a c y o f t h e c o r r e c -
t i o n s a p p l i e d f o r e r r o r s o f measurement d i m i n i s h e s p r o -
g r e s s i v e l y as t h e m.d.m. i s exceeded. The M a n c h e s t e r 
p o i n t a t 250 GeV/e i s h i g h e r t h a n t h e p r e s e n t v a l u e by a 
f a c t o r o f t h r e e . The M a n c h e s t e r d a t a were c o l l e c t e d u s i n g 
a momentum s e l e c t i n g d e v i c e s i m i l a r t o t h e one used i n 
t h e p r e s e n t w o r k . T h i s was c a l i b r a t e d e l e c t r o n i c a l l y and 
i t has been shown t h a t e r r o r s can a r i s e on t h i s a c c o u n t 
( s e c t i o n 5.5). F u r t h e r , t h e d i f f i c u l t y o f d e t e r m i n a t i o n 
o f t h e a p p r o p r i a t e c o r r e c t i o n f a c t o r s f o r u n c e r t a i n t y i n 
t r a c k l o c a t i o n a r i s e s and t h e i r m a g n i t u d e m i g h t p o s s i b l y 
have been u n d e r e s t i m a t e d f o r t h e c l o u d chambers u s e d i n 
77 
t h e M a n c h e s t e r w o r k . The e f f e c t o f t u r b u l e n c e i n t h e 
c l o u d chambers has a v a r i a b l e e f f e c t i n t r a j e c t o r y l o c a -
t i o n w h i c h i s d i f f i c u l t t o e s t i m a t e . The work on t h e 
s e a - l e v e l s p e c t r u m m e n t i o n e d ab o v e j t o g e t h e r w i t h o t h e r 
s i m i l a r work i s compared i n t a b l e 5.10. 
5*12 C o n c l u s i o n s 
I t i s c o n c l u d e d t h a t t h e measured d i f f e r e n t i a l i n t e n -
s i t i e s i n f i g u r e 5.15 a r e w e l l r e p r e s e n t e d above 20 GeV/c 
by an e q u a t i o n o f t h e f o r m g i v e n by e q u a t i o n 13.9, w i t h 
i -z 2.64 i 0.05 and b e l o w 20 GeV/c by t h e G e i g e r c o u n t e r 
s p e c t r u m and i t s e x t r a p o l a t i o n . There i s some s l i g h t 
e v i d e n c e f o r an i n c r e a s e i n t h e e x p o n e n t o f t h e JT-meson 
p r o d u c t i o n s p e c t r u m b e t w e e n 70 and 700 GeV/c, t o i~ 
2.67 i 0.10. 11 i s f e l t t h a t t h e c o r r e c t i o n f a c t o r s f o r 
u n c e r t a i n t y i n t r a c k l o c a t i o n a r e known w e l l enough f o r 
t h e i n t e n s i t i e s t o be q u o t e d up t o a momentum o f ab o u t 
t w i c e t h e u l t i m a t e m.d.m. w h i c h i s 657 ~ 112. 
I t i s c o n c l u d e d t h a t t h e p r e s e n t measurements r e p r e -
s e n t t h e most a c c u r a t e measurement o f t h e s e a - l e v e l M-
meson s p e c t r u m i n t h e v e r t i c a l d i r e c t i o n , i n t h e i n t e r v a l 
10 - 1000 Ge7/c, t a b l e 5.10. Because o f t h e f i x e d g e o m e t r y 
t h e 
o f t h e f l a s h - t u b e h o d o s c o p e s , / c o r r e c t i o n f o r u n c e r t a i n t y 
i n t r a c k l o c a t i o n i s w e l l known, f o r t h e d i f f e r e n t methods 
u s e d . The m.d.m. f o r t h e methods u s e d a r e c o l l e c t e d and 
compared i n t a b l e 5 . 1 1 . 
78. 
T a b l e 5.10 ; The comparison of the p r e s e n t work w i t h o t h e r 
s i m i l a r work. 
Workers 
LSI t i m a t e 
d e t e c t i n g 
e l ement 
Caro e t a l , ( 1 951) 
l o d g e r s , ( 1 9 5 7 ) 
P i n e e t a l (1959) 
Pak e t a l / ( 1 9 6 1 ) ) 
Coates , ( l 9 6 l ) ) 
Ashton ©t a l , ( 1 9 6 0 ; ) 
P r e s e n t w o r k , ( 1 9 6 2 ) ) 
S • G • C • 
C • G • c . c . 
F. T. 
U l t i m a t e 
m. d. m, 
( p r o b a -
b l e e r r -
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T o t a l P r o b a b l e e r r o r i n 
t r a c k l o c a t i o n 
P r o 3 e c t i o n 
Track S i m u l a t o r 
0.12 cm 
0,068cm (no s e l e c -
t i o n ) 
< 0.068cm ( w i t h s e l e c -
t i o n ) 
m. d .HI . (GeV/c) 
273 - 8 
493 t S4 
657 t 112 
C h a p t e r 6 
The I n t e g r a l S p e c t r u m a t H i g h E n e r g i e s 
6.1 I n t r o d u c t i o n 
I t seems l i k e l y t h a t t h e r e s u l t s o b t a i n e d i n C h a p t e r 5 
a r e n e a r t h e u p p e r l i m i t i n t h e a c c u r a c y o f d e t e r m i n a t i o n 
o f t h e s e a - l e v e l s p e c t r u m , b o t h f r o m t h e p o i n t o f v i e w o f 
p a r t i c l e t r a j e c t o r y l o c a t i o n and s t a t i s t i c a l a c c u r a c y , 
u s i n g t h e p r e s e n t t e c h n i q u e . 
I n o r d e r t o i m p r o v e t h e s p a t i a l r e s o l u t i o n by an 
o r d e r o f m a g n i t u d e , more s o p h i s t i c a t e d d e t e c t o r s a r e r e -
q u i r e d and t h e d e f l e c t i n g power o f magnets must be i n c r e a s e d 
f o r t h e l a r g e r f i e l d volume n e c e s s a r y f o r h i g h e r c o l l e c t i n g 
r a t e s o f p a r t i c l e s w h i c h w i l l t h e n e n a b l e h i g h e r s t a t i s t i -
c a l a c c u r a c y . 
Any a t t e m p t t o e x t e n d t h e k n o w l e d g e o f t h e s e a - l e v e l 
/A-meson s p e c t r u m t o h i g h e r e n e r g i e s , a t t h e p r e s e n t t i m e , 
must t h e r e f o r e be b a s e d on some i n d i r e c t method. S i n c e t h e 
h i g h energy y n-mesons a t s e a - l e v e l have g r e a t p e n e t r a t i n g 
p o w e r s , measurements a t g r e a t d e p t h s u n d e r g r o u n d y i e l d d a t a 
w h i c h , by a s s u m i n g a f o r m f o r t h e i r r a t e o f e n e r g y l o s s i n 
t h e passage t h r o u g h r o c k t o t h e u n d e r g r o u n d s t a t i o n s , can 
be i n t e r p r e t e d i n t e r r a s o f t h e i n t e g r a l s e a - l e v e l ^ - m e s o n 
s p e c t r u m . 
The i n t e n s i t y o f p a r t i c l e s u n d e r g r o u n d has been r e -
v i e w e d by George (1952) and B a r r e t t e t a l , (1952). The 
f0ri» o f t h e e n e r g y l o s s r e l a t i o n f o r ^ -mesons has a l s o been 
c o n s i d e r e d by t h e s e a u t h o r s , and more r e c e n t l y by As h t o n , 
( l 9 6 l ) and O s a k i , ( 1 9 6 2 ) . S i n c e t h e r e v i e w s i n 195 2 t h e 
g r e a t i m p o r t a n c e o f measurements u n d e r g r o u n d and t h e i r 
i n t e r p r e t a t i o n has been r e a l i s e d . 
I n t h i s c h a p t e r t h e i n t e n s i t y d a t a f r o m t h e u n d e r -
g r o u n d e x p e r i m e n t s o b t a i n e d s i n c e t h e above r e v i e w s a r e 
c o l l e c t e d t o g e t h e r . The v a r i o u s e x p r e s s i o n s f o r t h e r a t e 
o f e n e r g y l o s s used by d i f f e r e n t a u t h o r s a r e c o n s i d e r e d , 
and t h e b e s t r e l a t i o n b e t w e e n t h e r a n g e o f /t-mesons i n 
r o c k and t h e i r s e a - l e v e l e n e r g y i s c a l c u l a t e d . The i n t e -
g r a l s p e c t r u m d e r i v e d f r o m t h e p r e s e n t r e s u l t s i s t h e n 
compared w i t h t h e measured i n t e n s i t i e s u n d e r g r o u n d , t o a 
d e p t h c o r r e s p o n d i n g t o t h e h i g h e s t momentum measured by 
t h e p r e s e n t t e c h n i q u e w h i c h c o r r e s p o n d s t o a d e p t h o f 
ab o u t 2000 m.w.e. T h i s method o f c o m p a r i s o n w i l l t h e r e -
f o r e i n d i c a t e w h e t h e r t h e e x p r e s s i o n f o r t h e r a t e o f 
e n e r g y l o s s i s c o r r e c t . Up t o a b o u t 300 GeV, t h e f o r m o f 
t h e r a t e o f e n e r g y l o s s deduced by d i f f e r e n t a u t h o r s does 
n o t v a r y s u b s t a n t i a l l y , so t h a t t h e b e s t e s t i m a t e o f t h e 
r a t e o f e n e r g y l o s s f r o m t h e p r e s e n t work can o n l y be 
compared i n t h e n a r r o w r e g i o n o f i n t e n s i t y measurements 
bet w e e n d e p t h s o f ^ 1000 - 2000 m.w.e. The e f f e c t o f 
f l u c t u a t i o n s i n t h e r a t e o f e n e r g y l o s s w i l l be b r i e f l y 
c o n s i d e r e d . At d e p t h s g r e a t e r t h a n 2000 m.w.e., an 
81. 
e x t r a p o l a t e d f o r m o f t h e r a t e o f e n e r g y l o s s deduced f r o m 
t h e p r e v i o u s c o m p a r i s o n , t o g e t h e r w i t h a c o r r e c t i o n f o r 
t h e e f f e c t o f f l u c t u a t i o n s i n t h e r a t e o f e n e r g y l o s s , 
w i l l be u s e d t o p r e d i c t i n t e n s i t i e s a t t h e s e g r e a t d e p t h s , 
u s i n g d i f f e r e n t f o r m s f o r t h e s e a - l e v e l s p e c t r u m a t 
e n e r g i e s beyond t h a t c o v e r e d i n t h e p r e s e n t w o r k . 
6•2 The I n t e g r a l S p e c t r u m o f /-mesons f r o m t h e P r e s e n t 
S i n c e a l l t h e measurements u n d e r g r o u n d r e f e r t o t o t a l 
r a t e s o f p a r t i c l e s , t h a t i s t h e i n t e g r a l s p e c t r u m , t h i s 
q u a n t i t y must f i r s t be d e r i v e d , u s i n g t h e d a t a o f f i g u r e 
5.15, so t h a t d i r e c t c o m p a r i s o n can be c a r r i e d o u t . The 
where l ( p ) i s t h e d i f f e r e n t i a l i n t e n s i t y a t momentum p. 
For l a r g e v a l u e s o f momentum t h e d i f f e r e n t i a l i n t e n s i t y can 
E x p e r i m e n t 
i n t e g r a l i n t e n s i t y above momentum p Q i s d e f i n e d by 
6.1 
be r e p r e s e n t e d , as sui a i n g if t o be c o n s t a n t , by 
l ( p ) « K p - Y 6.2 
t h a t i s , a power l a w o f c o n s t a n t s l o p e - ^ . F o r t h e spec-
t r u m o f f i g u r e 5.15, t h i s w o u l d be a l m o s t t r u e f o r p ^ 
8000 Ge7/c f o r t h e smooth c u r v e . Thus 
AH) K 
6.3 
I f s m a l l c e l l s of momentum (<"p ) a r e taken then 
ft 
K b dp H (>h) 
/ 
Pi ft> 
where p^* P q i s t h e s l o p e a t t h e a r i t h m e t i c mean o f t h e 
l i m i t s o f momentum, and a s s u m i n g t h a t t h e s p e c t r u m can be 
r e p r e s e n t e d by a power l a w be t w e e n t h e l i m i t s , w h i c h i s 
t r u e i f t h e c e l l s a r e s m a l l . H a v i n g e v a l u a t e d H ( ^ p ^ ) , 
t h e n s u c c e s s i v e i n t e g r a t i o n f o r momenta l e s s t h a n p^ can 
be c a r r i e d o u t i n a s i m i l a r manner. The r e s u l t i s shown 
i n f i g u r e 6.1. 
The p o i n t a t 1640 GeV/c has been i n c l u d e d i n t h i s 
f i g u r e a l t h o u g h o m i t t e d f r o m f i g u r e 5.15 as i t i s c l o s e r 
t o t h e m.d.m. on t h e i n t e g r a l s c a l e t h a n on t h e d i f f e r -
e n t i a l s c a l e . The measured p o i n t s a r e p l o t t e d a t t h e 
minimum momenta c o r r e s p o n d i n g t o t h e maximum d e f l e c t i o n 
o f t h e c o r r e s p o n d i n g d e f l e c t i o n c e l l s and t h e y b e a r t h e 
same r e l a t i o n s h i p t o t h e e x p e c t e d i n t e g r a l c u r v e as do t h e 
f r e q u e n c i e s o f t h e measured d e f l e c t i o n s p e c t r u m . I n t e g r a -
t i o n o f t h e d e f l e c t i o n c e l l s has been c a r r i e d o u t by 
s t r a i g h t f o r w a r d a d d i t i o n . The measured i n t e g r a l i n t e n -
s i t i e s a r e g i v e n i n T a b l e 6.1 f o r momenta above 5.1 GeV/c. 
I n t e g r a l i n t e n s i t i e s have a l s o been f o u n d f o r momenta ^ 0 . 4 
GeV/c u s i n g t h e b e s t e s t i m a t e s o f t h e s p e c t r u m o f Gardener 
5 
s 
IOOO too IO oa Momentum in Gevi 
JKLgpre 6,1 t The i n t e g r a l momentum spectrum of 
mesons i n the v e r t i c a l , d i r e c t i o n ' at 
Durham. 
83. 
T a b l e 6.1 s The Measured I n t e g r a l I n t e n s i t y o f n e a r -
v e r t i c a l c osmic r a y rations as a f u n c t i o n o f momentum 
above 5.1 S e f / c . 
c . (. GeV/c) S t a t i s t i c a l e r r o r I n t e g r a l I n t e n s i t y 
( s t a n d a r d d e v i a t i o n ) -2 -1 , ,-1 x m cm sec s t e r a d 
5 .1 0.8 1 .69 x 1 0 " 3 
5.8 0.8 1.44 x 1 C ~ 3 
6.8 0.9 1.19 x 1 0 " 3 
8.1 0..9 9.45 x 1 0 " 4 
10.1 1.0 6.87 r 10~ 4 
11.5 1.1 5.55 x 1 0 " 4 
13 . 3 1.2 4.49 x 1 0 ~ 4 
15.9 1.3 3.38 x 1 0 ~ 4 
19.6 1.5 2.38 x 1 0 " 4 
25.6 1 . 9 1.52 x 1 0 " 4 
37.0 2.5 8.14 x 1 0 ~ 5 
47.6 3 . 3 4 .91 x 1 0 ~ 5 
66.6 4.7 2.35 x 1 0 " 5 
79.5 5.7 1.57 x 1 0 " 5 
97.5 7 . 8 9 .88 x 1 0 - 6 
128 12 5.76 x 1 0 " 6 
184 17 2.54 x 10" 6 
330 4 30/-26 6.68 x 10~ 7 
550 4 60/-37 2.09 x 1 0 " 7 
1640* +230/-87 1.18 x 1 0 ~ 8 
s I n a d d i t i o n t o t h e l a r g e s t a t i s t i c a l e r r o r t h e r e i s 
u n c e r t a i n t y i n t h e m a g n i t u d e o f t h e c o r r e c t i o n f a c t o r 
a t momenta so f a r above t h e m.d.m. 
8 4 , 
e t a l ( 1 9 6 2 ) , and t h e p r e s e n t work and t h e s e a r e g i v e n i n 
A p p e n d i x 5, T a b l e A5.2, b o t h as a b s o l u t e v a l u e s and as 
p e r c e n t a g e s o f t h e t o t a l y^-meson f l u x above 0.4 GeV/c. 
The v a l u e s have been c a l c u l a t e d f r o m t h e smooth c u r v e 
t h r o u g h t h e d i f f e r e n t i a l s p e c t r u m , f i g u r e 5.15. The v a l u e 
o f 0.4 GeV/c a t t h e l o w e r end has been chosen as b e i n g 
f o r most p u r p o s e s t h e minimum co s m i c r a y yu-meson momentum 
w h i c h i s u s e d i n e x p e r i m e n t a l w o r k , and c o r r e s p o n d s t o a 
- 2 
r a n g e o f ^-mesons i n l e a d o f a b o u t 250 gm.cm 
6•3 The T o t a l Rate of Energy Loss of/^-mesons i n Rock 
The p r o c e s s e s by w h i c h h i g h e n e r g y yU-mesona a r e known 
t o l o s e e n e r g y can be l i s t e d as f o l l o w s : 
a. C o l l i s i o n 
b. P a i r P r o d u c t i o n 
c. B r e m s s t r a h l u n g 
d. N u c l e a r I n t e r a c t i o n . 
The c o n t r i b u t i o n s o f t h e above p r o c e s s e s t o t h e t o t a l 
e n e r g y l o s s , o b t a i n e d by George, G, and B a r r e t t e t a l , B, 
a r e g i v e n i n t a b l e 6.2 u s i n g .the a p p r o x i m a t e f o r m s g i v e n 
by t h e s e a u t h o r s . 
The e x a c t t h e o r e t i c a l f o r m o f t h e v a r i o u s e n e r g y 
l o s s p r o c e s s e s a r e now c o n s i d e r e d i n t u r n f o r r o c k w i t h 
_ 3 
Z - 11, A - 22, /? = 2.65 gm.cra . 
/ 
85. 
T a b l e 6.2 ; The r a t e o f e n e r g y l o s s d e r i v e d by d i f f e r e n t 
a u t h o r s compared w i t h t h e b e s t v a l u e e s t i m a t e d 
f r o m t h e p r e s e n t w o r k . 
mm 2 
Rate o f Energy Loss i n KeV/gm.cm" 
/A-me s o n 
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16.3 21.3 19.3 59.62 
100000 6 i 9 3.09 
G George, ( 1 9 5 2 ) 
B B a r r e t t e t a l / / l 9 5 2 ) 
0 Oaa k i , (1962)*' 
6.9 e q u a t i o n 6.9 of t h i s work 
PJH b e s t e s t i m a t e of the 
p r e s e n t work (t. 





,.-28 -2-10 cm 
/ I t has been p o i n t e d out by G r e i s e n ( p . c . ) t h a t the t o t a l 
a verage r a t e of energy l o s s d e r i v e d by Ozaki i s o n l y em-
p i r i c a l i n t h a t i t has been o b t a i n e d by comparison of the 
i n t e g r a l ^ - m e s o n spectrum a t s e a - l e v e l w i t h the under-
ground i n t e n s i t y measurements and n e g l e c t s the e f f e c t of 
f l u c t u a t i o n s i n energy l o s s , thus g i v i n g a r e s u l t which i s 
too 1ow. 
86. 
6.3.1 C o l l i s i o n 
When -mesons pass t h r o u g h m a t t e r , t h e y l o s e e n e r g y 
t o t h e e l e c t r o n s o f t h e medium v i a t h e c o u p l i n g o f t h e 
e l e c t r i c f i e l d s o f t h e yu-meson and t h e e l e c t r o n . I f t h e 
e n e r g y g i v e n t o t h e e l e c t r o n i s h i g h enough t h e n i t can 
escape f r o m t h e atom. The t r a n s f e r o f e n e r g y can be c o n -
s i d e r e d i n two s t a g e s ; t h a t o f h i g h e n e r g y t r a n s f e r , 
g r e a t e r t h a n some v a l u e , and a l s o f o r v a l u e s l e s s t h a n 
T 
For l a r g e e n e r g y t r a n s f e r s , ( c l o s e c o l l i s i o n s ) t h e 
e l e c t r o n s o f t h e medium can be c o n s i d e r e d t o be f r e e . The 
d i f f e r e n t i a l c o l l i s i o n p r o b a b i l i t y f o r ^ - m e s o n s , (mass , ia , 
s p i n y) f o r e n e r g y t r a n s f e r s ^ have been g i v e n by Bhabha, 
( 1 9 3 8 ) , and Kassey and Corben, ( 1 9 3 9 ) . They g i v e t h e 
—2 
p r o b a b i l i t y p e r gin. cm f o r ^-mesons o f e n e r g y I , mass a, 
o f p r o d u c i n g an e l e c t r o n i n t h e i n t e r v a l E' t o E• -4 dE' as 
/ A J r < Z£j^±£ M' f l - / f 4 f f — ^ 1 6.5 
where 
2 - 2 _/ a 
i s t h e maximum e n e r g y t r a n s f e r a b l e t o t h e e l e c t r o n , r g i t s 
c l a s s i c a l r a d i u s , and I i s Avogadro's number. The a v e r a g e 
r a t e o f e n e r g y l o s s i s o b t a i n e d by i n t e g r a t i o n o v e r E', 
87, 
( i n HeV. (gra. cm"" 2)" 1) 
/ 2 \ 2 
forg> - 1 and. E & -^ £~ 
• m c 
e 
For e n e r g y t r a n s f e r s E' , t h e c o l l i s i o n can be con-
/ 4 5 
s i d e r e d as d i s t a n t . I f i s s u f f i c i e n t l y s m a l l ^ 1 0 -10 e? 
-2 . 
t h e n t h e a v e r a g e r a t e o f e n e r g y l o s s p e r gm.cm i s as 
g i v e n by l i e t h e , (19 30) , ( l 9 3 2 ) , 
6.7 
J 
where I ( z ) = 13.5. 2 eV. 
Thus i n b o t h e q u a t i o n s t h e r a t e o f e n e r g y l o s s i n -
c r e a s e s l o g a r i t h m i c a l l y , p a r t l y due t o t h e i n c r e a s e i n 
t h e maximum e n e r g y w h i c h can be t r a n s f e r r e d , and p a r t l y 
due t o t h e enhanced r e i a t i v i s t i c e f f e c t s o f t h e e l e c t r i c 
f i e l d o f t h e p a r t i c l e p e r p e n d i c u l a r t o i t s p a t h w h i c h 
causes i t t o be e f f e c t i v e a t l a r g e r d i s t a n c e s . 
The above e q u a t i o n s a r e d e r i v e d f o r atoms w h i c h a r e 
i n d e p e n d e n t o f each o t h e r . However, f o r d i s t a n t c o l l i -
s i o n s , t h e atoms o f t h e medium s c r e e n t h e e l e c t r i c f i e l d 
o f t h e f a s t p a r t i c l e and r e d u c e t h e i n t e r a c t i o n and t h e r e -
88, 
f o r e , e n e r g y l o s s , t h e e f f e c t i n c r e a s i n g w i t h t h e e n e r g y 
o f t h e i n c i d e n t p a r t i c l e . The r e d u c t i o n i n t h e r a t e o f 
e n e r g y l o s s ( d e n s i t y c o r r e c t i o n ) has been c o n s i d e r e d by 
F e r m i , ( 1 9 3 9 ) , H a l p e r n and H a l l , ( 1 9 4 0 ) , ( 1 9 4 8 ) , and Wick, 
( 1 9 4 1 ) , ( 1 9 4 3 ) • The r e d u c t i o n i n t h e a v e r a g e r a t e o f 
e n e r g y l o s s i s g i v e n by 
6 .8 
w h e r e
 l hi2, 6 A fL 
The t o t a l a v e r a g e r a t e o f e n e r g y l o s s can be ex-
p r e s s e d as 
fa] _ A + (^i) 
lot 
, * 0 [S^s <i (r^z) J 6,9 
( i n Me?, (gf f l . c m" 2)"* 1) 
T h i s e x p r e s s i o n i s i n good agreement w i t h t h e 
r e s u l t s o f S t e r n h e i m e r , ( 1 9 5 2 ) , who has c a l c u l a t e d t h e 
e n e r g y l o s s f o r a l u m i n i u m (Z .r 13, A =r 26 , ^ s 2.7, 
/> /> 
where £"7 .= 0.8 compared w i t h r o c k , hrr ~ 1 . 1 1 , t h i s &> A « A 
o c c u r r i n g o n l y i n t h e l o g t e r m o f t h e d e n s i t y c o r r e c t i o n 
t e r m ) . More r e c e n t v a l u e s o f I ( z ) , e q u a t i o n 6.8 and 
o t h e r s m a l l e r t e r m s have been u s e d by S t e r n h e i m e r , ( 1 9 5 9 ) , 
b u t w i t h l i t t l e change i n t h e r e s u l t , and h i s 1952 
v a l u e s w i l l be assumed as b e i n g t h e b e s t e s t i m a t e o f 
t h e c o l l i s i o n l o s s . These v a l u e s a r e shown i n f i g u r e 
6.2 and t a b l e 6.2 ( P . J . H . ) . 
The t h e o r e t i c a l v a l u e s o f e n e r g y l o s s a r e i n good 
agreement w i t h t h e measured v a l u e s , r e v i e w e d by C o u s i n s , 
( 1 9 6 0 ) a t l o w e n e r g i e s , £ 100 GeV. I t h i g h e r e n e r g i e s 
any s m a l l d e v i a t i o n s have n e g l i g i b l e e f f e c t on t h e t o t a l 
e n e r g y l o s s r e l a t i o n because o f t h e l a r g e r c o n t r i b u t i o n 
o f o t h e r p r o c e s s e s , ( s e c t i o n s 6.32 - 6 . 3 4 ) . 
B o h r , ( 1 9 4 8 ) , f i r s t p o i n t e d o u t t h a t p a r t o f t h e 
e n e r g y d i s s i p a t e d by h i g h e n e r g y p a r t i c l e s a p p e a r s as 
Cerenkov r a d i a t i o n . S i n c e t h i s r e s u l t s f r o m i n t e r a c t i o n 
o f t h e e l e c t r i c f i e l d s o f t h e p a r t i c l e and atoms o f t h e 
medium f o r d i s t a n t c o l l i s i o n s , i t has a l r e a d y been i n -
c l u d e d i n e q u a t i o n s 6.7 and 6.9. 
6.3.2 P a i r P r o d u c t i o n 
A h i g h e n e r g y /(-meson can l o s e e n e r g y by t h e c r e a -
t i o n o f an e l e c t r o n p a i r i n a n u c l e a r Coulomb f i e l d . The 
t h e o r e t i c a l c r o s s - s e c t i o n f o r p a i r p r o d u c t i o n has been 
g i v e n by Bhabha , (19 3 5) , and Racah, ( l 9 3 7 ) . The c r o s s -
s e c t i o n s g i v e n by Bhabha a r e a b o u t t w i c e t h o s e c a l c u l a t e d 
by Racah. Nando and R o n c h i , ( 1 9 5 2 ) have c a l c u l a t e d t h e 
a v e r a g e r a t e o f e n e r g y l o s s u s i n g t h e c r o s s - s e c t i o n s 
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Figure 6.2 : The va r i o u s c o n t r i b u t i o n s to the b e s t 
estimate of the t o t a l average energy 
l o p S ® 
o r b i t a l e l e c t r o n s , 
where <X ™ and r i s t h e c l a s s i c a l e l e c t r o n r a d i u s . 137 e 
Hayakawa and T o i o n a g a , ( 1 9 4 9 ) , have c o n s i d e r e d t h e e n e r g y 
l o s s e s i n c l u d i n g and e x c l u d i n g s c r e e n i n g , and Hando and 
R o n c h i have c o n c l u d e d t h e r a t i o t o be 
d£ 14 
tern •< " 
6.11 
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The e q u a t i o n f o r t h e a v e r a g e r a t e o f e n e r g y l o s s , 
c o r r e c t e d f o r t h e e f f e c t o f s c r e e n i n g i s o b t a i n e d by t h e 
m u l t i p l i c a t i o n o f e q u a t i o n 6.10 by e q u a t i o n 6.11. 
B l o c k e t a l , ( 1 9 5 4 ) , have r e c o n s i d e r e d t h e work o f 
Bhabha and have shown t h a t w i t h more c a r e f u l m a t h e m a t i -
c a l t r e a t m e n t t h e c r o s s s e c t i o n s o f Bhabha a r e c o n s i s -
t e n t w i t h t h o s e g i v e n by Racah. However M u r o t a e t a l , 
( 1 9 5 6 ) , have c a l c u l a t e d c r o s s - s e c t i o n s f o r p a i r p r o d u c -
t i o n by /*-mesons. 'Their r e s u l t s g i v e v a l u e s w h i c h a r e 
a p p r o x i m a t e l y t h r e e t i m e s t h e c r o s s - s e c t i o n s g i v e n by 
B l o c k e t a l . 
The r e s u l t s o f Avan and Avan, ( 1 9 5 7 ) who have 
s t u d i e d p a i r p r o d u c t i o n u n d e r g r o u n d ( 5 8 0 m.w.e.) u s i n g 
e m u l s i o n s , a r e i n good agreement w i t h t h e p r e d i c t e d 
c r o s s - s e c t i o n s o f B l o c k e t a l , and up t o t h e mean 
91-
e n e r g i e s o f 120 GeV c o r r e s p o n d i n g t o t h e i r d e p t h , t h e 
maximum e r r o r i s 100. l o r e r e c e n t l y Roe e t a l , (1959 ) , 
and G a e b l e r e t a l , ( 1 9 6 1 ) , have s t u d i e d p a i r p r o d u c t i o n 
and f i n d good a g r e e m e n t i f t h e H u r o t a e t a l c r o s s - s e c t i o n 
i s r e d u c e d t o h a l f i t s v a l u e . Under t h e s e c o n d i t i o n s 
G a e b l e r e t a l s p e c i f i c a l l y f i n d b e t t e r agreement w i t h t h e 
l u r o t a e t a l c r o s s - s e c t i o n t h a n w i t h t h e c o r r e c t e d Bhabha 
c r o s s - s e c t i o n s . The measured c r o s s - s e c t i o n s have been 
f o u n d f o r l e a d , and Roe e t a l have measured t h e momenta of 
t h e p r i m a r i e s (.M-mesons) up t o 120 GeV/c. 
A l l t h e t h e o r i e s have a r b i t r a r y p a r a m e t e r s known t o 
be e q u a l t o u n i t y o n l y a p p r o x i m a t e l y , and n e g l e c t t h e 
f i n i t e s i z e of t h e n u c l e u s . The e f f e c t o f f i n i t e n u c l e a r 
s i z e has been c o n s i d e r e d by D a v i e s e t a l , (1954-) , and 
shown n o t t o be s i g n i f i c a n t . 
The c r o s s - s e c t i o n f o r p a i r p r o d u c t i o n i n c l u d i n g 
c o r r e c t i o n f o r c o m p l e t e s c r e e n i n g i s g i v e n a p p r o x i m a t e l y 
by 
f ( E , v ) /*- —- 6.12 
T h i s w i l l be c o n s i d e r e d i n s e c t i o n 6.6. 
6.3.3 Bremss.tr ah l u n g 
When a ^ - m e s o n i s a c c e l e r a t e d o r d e c e l e r a t e d i n i t s 
passage t h r o u g h m a t t e r , e l e c t r o m a g n e t i c r a d i a t i o n o r 
b r e a o s t r a h l u n g i s p r o d u c e d . The d i f f e r e n t i a l c r o s s - s e c t i o n 
f o r t h e p r o d u c t i o n o f p h o t o n s by ^-mesons has been g i v e n 
92. 
by C h r i s t y and Kusaka, (1941) , 
6.13 
where E i s the energy of the y«-meson and v the f r a c t i o n a l 
energy l o s s . The a v e r a g e r a t e of energy l o s s i s then 
I t has been p o i n t e d out by E a r s h a k , (1952) t h a t e q u a t i o n 
6.1J i s not t r u e a t h i g h e n e r g i e s because i t n e g l e c t s 
atomic e l e c t r o n s c r e e n i n g e f f e c t s . R o s s i , ( 1 9 5 2 ) , has 
r e w r i t t e n the argument of the l o g term of e q u a t i o n 6.13 
to i n c l u d e the maximum and minimum impact p a r a m e t e r s , 
ft V cL 
— J * — F T — 6 » 1 5 
-13 h 
where r =» 1.38.10 A cm i s the n u c l e a r r a d i u s . The ~ l . ^ S . l O " "
1 ^ 1 
n 
c o n s t a n t f a c t o r of E i n the argument of the l o g term of 
e q u a t i o n 6.14 has a v a l u e 1.07, compared to a v a l u e of 
0.97,for the c o n s t a n t term i n e q u a t i o n 6.15. Photons can 
o n l y be produced f o r v a l u e s of b < b . Thus when b 
> r , ( t h e atomic r a d i u s ) the atomic e l e c t r o n s s h i e l d the 
p a r t i c l e from the e l e c t r i c f i e l d of the n u c l e u s . T h i s 
atomic e l e c t r o n s c r e e n i n g e f f e c t i s e f f e c t i v e f o r e n e r g i e s 
E, e x c e e d i n g v a l u e s g i v e n by 
The Fermi-Thomas model o f t h e atom g i v e s 
t 
o r , 
1 ^ z z 
E = 1 3 ? 2 T 1 ar r y 
F o r v a l u e s o f I g r e a t e r t h a n t h i s , t h e c r o s s - s e c t i o n 
has been c o n s i d e r e d by R o z e n t a l e t a l , (1959)» who g i v e , 
f o l l o w i n g Bethe and H e i t l e r , (1934) 
6.15a 
g i v i n g 
WE I 
6.16 
= 2 /3 x I0'C t lev. 
The e n e r g y l o s s g i v e n by e q u a t i o n s 6.14 and 6.16, i s 
shown i n f i g u r e 6.2 and t a b l e 6.2, where i t i s compared 
w i t h a p p r o x i m a t e v a l u e s deduced by o t h e r w o r k e r s . The 
v a l u e s o f d l / d x a t 1 0 ^ eV, i s 20.3 MeV gm"~^cm^ f r o m 
— 1 2 
e q u a t i o n 6.14, compared w i t h 21.3 Me? gm cm f r o m equa-
t i o n 6.16. There i s no e x p e r i m e n t a l e v i d e n c e w h i c h i s 
i n c o n s i s t e n t w i t h t h e e n e r g y l o s s expressed, by e q u a t i o n 
94. 
6.14, i f i t i s assumed t h a t the s p i n of the ^ - n e s o n i s -j 
and i t has z e r o anomalous m a g n e t i c moment, P e a s l e e , 
(1952), D r i g g e r s , (1952), W a l k e r , (1953), Hirokawa/, (1956). 
6.3.4 l u c l e a r I n t e r a c t i o n s 
I t has been o b s e r v e d f r o m e x p e r i m e n t s u s i n g n u c l e a r 
e m u l s i o n s exposed u n d e r g r o u n d t h a t /<-mesons produce s t a r s . 
George and Evans, ( 1 9 5 0 ) and Marshak, 1 1 9 5 2 ) , have sugges-
t e d t h a t the d i f f e r e n t i a l c r o s s s e c t i o n f o r a /t-meson of . 
energy E to t r a n s f e r a f r a c t i o n v of i t s energy, can be 
e x p r e s s e d u s i n g t h e v i r t u a l photon f l u x g i v e n by the 
¥illiams-Weizsiker (W. W) method, as 
where vE ~ flw, tne photon energy and <fw i s the photo-
n u c l e a r c r o s s - s e c t i o n , assumed c o n s t a n t . 
The a v e r a g e r a t e o i e n e r g y l o s s i s thus 
K e s s l e r and K e s s l e r , (1956) , and K e s s l e r , (1959 ) » have 
c o n s i d e r e d the i n t e r a c t i o n dynamics and have shown i n c o n -
s i s t e n c i e s w i t h the e a r l i e r work of George, ( 1 9 5 2 ) , ( 1 9 5 6 ) . 
The argument of the l o g a r i t h m term i n 6.17 can be r e -
w r i t t e n 
e t a l 
2 L <A/ 
V w V I 
6.17 
/ S N<rw 1 4/ f i x TT 
"11 
2 f *16 . ff^.t. Or 
rr 
V R 6.18 
95. 
where S i s t h e r a d i u s over w h i c h t h e e l e c t r o m a g n e t i c 
i n t e r a c t i o n i s s t r o n g and q i s t h e photon e n e r g y . 
I f E - -fi / p h e / l t h e n 
V ^ > " (~^)T (~fjL 6 , 1 9 
K e s s l e r and K e s s l e r have c a l c u l a t e d o n l y t h e t r a n s v e r s e , 
T, t e r m i n 6.19, and n e g l e c t e d t h e l o n g i t u d i n a l t e r m , L. 
A t h i g h e n e r g i e s where t h e p r o b a b i l i t y o f l a r g e e n e r g y 
t r a n s f e r s i s s t i l l r e l a t i v e l y h i g h , t h e l o g i t u d i n a l t e r m 
w i l l n o t be so i m p o r t a n t . T h i s assumes t h a t t h e minimum 
i m p a c t p a r a m e t e r has no f i n i t e s i z e , i n c o n t r a s t to t h e 
t r e a t m e n t o f e q u a t i o n 6.17, (R I S t h e Compton w a v e l e n g t h 
R -fi/me) . 
The d i f f e r e n t i a l c r o s s - s e c t i o n g i v e n by K e s s l e r and 
K e s s l e r i s 
where q i s t h e photon energy t r a n s f e r r e d by theyH-meson, 
and 6" (. q) i s t h e p h o t o - n u c l e a r c r o s s - s e c t i o n . The a v e r a g e 
w 
r a t e o f e n e r g y l o s s i s t h e n 
- X h i * °"^ C^ ) h (_ f _ - 7 
"IX i.3 ^  «^ 3 6 J 
6.21 
where if ( q) i s assumed c o n s t a n t , CT = 1C~ cm" / n u c l e o l i . 
w w 
T h i s energy l o s s i s shown i n f i g u r e 6.2 and g i v e n i n 
t a b l e 6.2. 
The energy l o s s by n u c l e a r i n t e r a c t i o n o f ^ - m e s o n s 
has been deduced by B a r r e t t e t a l . They have s u b t r a c t e d 
the e x p e c t e d amount of a l l o t h e r t y p e s of energy l o s s 
u s i n g t h e i r approximate r e l a t i o n s , from the t o t a l energy 
l o s s deduced from t h e i r i n t e n s i t y measurements, 
) ^ 2- • (® £ - Hex/ ( a ^ o ^ J 6.22 
_ 2*7 2 
U s i n g e q u a t i o n 6.17, they o b t a i n tf <_0.7 x 10 cm / 
n u c l e o n . However they r e c o g n i z e t h a t the t r e a t m e n t 
g i v e n by e q u a t i o n 6,17 i s i n a c c u r a t e f o r l a r g e v a l u e s of 
12 
photon energy. U s i n g e q u a t i o n 6.21, then a t E - 10 eV 
from t a b l e 6.2, C 1.3 x 10 cm / n u c l e o n . I f the 
w 
v a l u e s of energy l o s s f o r p a i r p r o d u c t i o n and b r e m s s t r a h -
l u n g from e q u a t i o n s 6.10 (and 6.11) send 6.14 a r e used i n 
the s u b t r a c t i o n s mentioned above then 
There i s thus l i t t l e e r r o r i n t r o d u c e d i f <T i s assumed to 
w 
*• 23 2 
be c o n s t a n t , and h a v i n g the v a l u e (T ~ 10"" cm / n u c l e o n . 
Measurements made by Meyer e t a l , (1962) , show t h a t 
the K e s s l e r and K e s s l e r m o d i f i c a t i o n of the W.V. method i s 
i n b e t t e r agreement w i t h the measured d a t a on n e u t r o n 
p r o d u c t i o n b y ^ - m e s o n s , assuming both ($,Y\) r e a c t i o n s , 
97. 
and d i r e c t i n t e r a c t i o n b e t w e e n the c h a r g e of the^M-aeson 
and t h e n u c l e o n s t h a n w i t h t h e u n m o d i f i e d ¥.¥. method up 
t i o n t h e r e f o r e t h a t t h e K e s s l e r and K e s s l e r m o d i f i c a t i o n 
o f t h e ¥.¥. method g i v e s a b e t t e r d e s c r i p t i o n o f t h e 
6•3.5 The T o t a l Average B a t e o f En e r g y Loss 
The c o n t r i b u t i o n s from the v a r i o u s energy l o s s p r o -
c e s s e s shown i n f i g u r e 6.2 and t a b l e 6.2 a r e added t o 
g i v e a t o t a l r a t e of e n e r g y l o s s e x p r e s s i o n which i s a l s o 
shown i n t h e f i g u r e and t a b l e . 
I t i s c o n c l u d e d t h a t t h e a v e r a g e r a t e o f l o s s o f 
energy i n d i c a t e d by the p r e s e n t work i s s u b s t a n t i a l l y 
g r e a t e r t h a n t h a t assumed by B a r r e t t e t a l , and deduced 
by O z a k i , above a b o u t 300 GeV. The f o r m o f t h e a v e r a g e 
r a t e o f e n e r g y l o s s g i v e n i n f i g u r e 6.2 i s c o n c l u d e d t o 
be "the b e s t t h e o r e t i c a l e s t i m a t e a v a i l a b l e . 
6.4 The Bange-Bnergy g e l a t i o n o f M-mespns i n Rock 
The mean range ofya-mesons i n ro c k i s d e r i v e d from 
the t o t a l a v e r a g e r a t e of e n e r g y l o s s , f i g u r e 6.2 and i s 
g i v e n by F 
For r a n g e s up to the lower l i m i t of i n t e g r a t i o n the 
most a c c u r a t e v a l u e s a r e g i v e n by S t e r n h e i m e r , 1 1 9 5 9 ) . 
to ^-meson e n e r g i e s of 100 Gel/c. There i s some i n d i c a -
n u c l e a r i n t e r a c t i o n o f ^-mesons. 
7 
1 Ge¥, R ( E ) = 545 gm c i - < c and Thus f o r I 
98. 
£ T 4- J (in)* <p- «~ 6.24 
Above 1 GeY, the energy l o s s r e l a t i o n , f i g u r e 6,2, can be 
i n t e g r a t e d n u m e r i c a l l y . The r e s u l t i n g range-energy r e l a -
t i o n i s g i v e n i n f i g u r e 6.3. The u s u a l u n i t s of range 
have been t a k e n , t h a t i s metres water e q u i v a l e n t , m.w.e., 
( 1 m.w.e.is 100 gm. cm~f measured from sea l e v e l ) . 
6•5 The I n t e n s i t y of Cosmic Rays Underground 
Using the i n t e g r a l sea-levelyH-meson spectrum and 
the range-energy r e l a t i o n d e r i v e d above, the i n t e n s i t y of 
/-nesons which p e n e t r a t e t o g i v e n depths underground can 
be d e r i v e d and compared d i r e c t l y w i t h the measured i n t e n -
s i t i e s up t o depths c o r r e s p o n d i n g t o the maximum d e t e c t a b l e 
momentum of the s e a - l e v e l spectrum. 
Most of the data o b t a i n e d have been r e l a t i v e , t h a t 
i s , measurements have been taken of the r a t e s a t v a r i o u s 
depths and then the r a t e a t the l e a s t depth has been 
n o r m a l i s e d t o an i n t e n s i t y v a l u e p r e d i c t e d from a sea-
l e v e l i n t e g r a l spectrum and a range-energy r e l a t i o n , 
u s u a l l y a t depths between 10 and 100 m.w. e. As the 
measurements on the sea-levely*i-meson spectrum have 
become more a c c u r a t e the va l u e s of the i n t e n s i t y taken 
f o r n o r m a l i s a t i o n have changed. Thus B a r r e t t e t a l , 
have used the i n t e g r a l spectrum d e r i v e d by R o s s i , and 
a l s o a range-energy r e l a t i o n of h i s , t o n o r m a l i s e the 
data of V. C . Wilson , (.1938) , and o t h e r s . 
•00 IOOO 
Encrfy, in Gev. 
icpoo 
Figure 6,3 s The mean range of /i-mesons i n rock 
as a f u n c t i o n of t h e i r energy -at 
sea-level,,, ( d e r i v e d from f i g u r e 6,2) 
Another f a c t o r which, i n f l u e n c e d the e a r l y r e s u l t s , 
and c o n c l u s i o n s on the i n t e n s i t y a t v a r i o u s depths, has 
been the geometry of the apparatus and the use of l e a d 
to screen i t and thus c u t down the s p u r i o u s r a t e of 
c o u n t i n g , a r i s i n g from l o c a l r a d i o - a c t i v i t y or l o c a l l y 
produced s o f t r a d i a t i o n . This has been c o n s i d e r e d i n 
d e t a i l by Clay, {1939)• The use of l e a d i n v a r i o u s 
q u a n t i t i e s i n some experiments, t o separate the Geiger 
c o u n t e r s i n t e l e s c o p e s , has added t o the c o m p l e x i t y i n 
comparison of the r e s u l t s o b t a i n e d by d i f f e r e n t workers. 
The n o r m a l i s a t i o n i s c o m p a r a t i v e l y u n a f f e c t e d by 
the v a r i o u s forms of energy l o s s which have been adopted. 
Prom t a b l e 6.2 i t can be seen t h a t t h e r e i s l i t t l e d i f -
f e r e n c e i n the r a t e of energy l o s s deduced by v a r i o u s 
a u t h o r s up t o ener g i e s A ICC Gef or ~4U0 m.w.e. 
There i s v e r y l i t t l e data below 2000 m.w.e. This 
i s p a r t l y due t o the s m a l l numbers of mines of s u f f i c i e n t 
depth which have s u r r o u n d i n g rock of low r a d i o a c t i v e 
c o n t e n t , and p a r t l y because of the e x t r e a e l y low r a t e s 
and t e c h n i c a l problems i n v o l v e d a t such depths, ( h e a t , 
h u m i d i t y , e t c . ) . 
A c c o r d i n g l y , the measured i n t e n s i t i e s underground 
w i l l be compared w i t h the p r e d i c t e d i n t e n s i t i e s i n two 
ranges of depth, t h a t i s 100 - 2000 m.w.e. and a t depths 
g r e a t e r than 2000 m.M.e, 
100, 
6.5.1 The Measured I n t e n s i t y a t Depths i n the 
Range 100 - 2000 m.w.e. 
I n t h i s s e c t i o n o n l y data i n the v e r t i c a l d i r e c t i o n 
w i l l be c o n s i d e r e d . A l l the data have been taken under 
rock except t h a t of Ehmert which was taken under water and 
has been c o r r e c t e d f o r t h i s . The measured i n t e n s i t i e s are 
not a l l a b s o l u t e v a l u e s . The r e l a t i v e i n t e n s i t i e s have 
been n o r m a l i s e d t o r a t e s p r e d i c t e d from the s e a - l e v e l 
i n t e g r a l spectrum and the mean range energy r e l a t i o n 
f i g u r e 6.3- The most e x t e n s i v e data are those of ?.C. Wi l s o n , 
( 1 9 3 8 ) . These data were o b t a i n e d w i t h o u t the use of l e a d 
w i t h i n the Geiger counter t e l e s c o p e so t h a t the i n t e n s i -
t i e s a t the g r e a t e s t depths w i l l be i n excess because of 
the c o n t r i b u t i o n o f the s o f t component t o the t o t a l i n -
t e n s i t y , which i n c r e a s e s w i t h depth as the mean energy o f 
the p e n e t r a t i n g component i n c r e a s e s . These data w i l l n o t 
be i n c l u d e d f o r comparison purposes. Most of the data of 
Clay and f a n Geznert, (1939) , were o b t a i n e d u s i n g 5 cm 
of l e a d between the Geiger counter t r a y s and a l s o l e a d 
s h i e l d i n g . The c o r r e c t e d data taken from B a r r e t t e t a l 
have a l s o been n o r m a l i s e d . Clay , (1939 ) has a l s o o b t a i n e d 
data under s i m i l a r c o n d i t i o n s w i t h 10 cm Pb. 
The values are g i v e n i n t a b l e 6.3 f o r the n o r m a l i s e d 
d a t a , t o g e t h e r w i t h a b s o l u t e i n t e n s i t i e s by d i f f e r e n t 
a u t h o r s . The data o f Randall and Hazen, ( 1 9 5 1 ) , who 
101. 
have measured the a b s o l u t e i n t e n s i t y , w e r e o b t a i n e d u s i n g 
a t w o - f o l d G-eiger counter t e l e s c o p e which would be s e n s i -
t i v e t o showers, even though t h e r e was some l e a d i n the 
apparatus. Avan and Avan, (1955) , have measured the 
a b s o l u t e i n t e n s i t y u s i n g emulsions where, q u i t e p o s s i b l y , 
e l e c t r o n s w i l l have been i n c l u d e d i n the t o t a l i n t e n s i t y . 
These measured i n t e n s i t i e s are compared w i t h the p r e d i c -
t e d v a l u e s i n f i g u r e 6.4. The upper f u l l curve i s the 
best e s t i m a t e of the d e p t h - i n t e n s i t y v a r i a t i o n from the 
Measured d a t a . The lower f u l l curve i s the p r e d i c t e d 
i n t e n s i t y c a l c u l a t e d from the s e a - l e v e l i n t e g r a l spectrum 
of .«•» -mesons ( f i g u r e 6.1) and the mean range-energy r e l a -
t i o n ( f i g u r e 6 . 3 ) c a l c u l a t e d from the best e s t i m a t e of the 
average r a t e of energy l o s s of the p r e s e n t work. The 
c o n c l u s i o n s t o be drawn from the comparison o f these two 
f u l l curves are d e f e r r e d u n t i l a f t e r the e f f e c t of f l u c -
t u a t i o n s i n the r a t e of energy l o s s have been c o n s i d e r e d 
( s e c t i o n 6.6). For the present h o r e v e r i t can be seen 
from f i g u r e 6.4 t h a t the measured i n t e n s i t i e s o b t a i n e d 
by d i f f e r e n t a u t h o r s have q u i t e wide l i m i t s of v a r i a t i o n . 
I n p a r t i c u l a r the a b s o l u t e measurements seem to have con-
s i s t e n t l y h i g h e r i n t e n s i t i e s than the n o r m a l i s e d v a l u e s . 
Pine e t a l , (1959), have a l s o r e n o r m a l i s e d the data i n 
t a b l e 6,3 u s i n g t h e i r i n t e g r a l spectrum. However t h e i r 
i n t e g r a l spectrum i s i t s e l f c a l c u l a t e d on the assumption 
t h a t t h e slope of the d i f f e r e n t i a l spectrum has a value 
102. 
Table 6.3. I n t e n s i t i e s a t v a r i o u s depths by d i f f e r e n t 
a u t h o r s 
A l l depths i n ra.w.e. below s e a - l e v e l i n the v e r t i c a l 
—2 —=1 — 1 d i r e c t i o n : a l l i n t e n s i t i e s i n (cm" sec~ s t ~ ) . 
Randall and Hazen, (1951) 
Depth I n t e n s i t y 
850 2.17 . 0 2 x l 0 " 6 
B o l l i n g e r , (1951) 
Depth I n t e n s i t y E r r o r 




B a r r e t t e t a l , (1952) 
Depth I n t e n s i t y 
1574 3.25 . 0 5 x l 0 ' 7 
Sreekantan e t 
Depth 
a l , (1952, 
1956) 








9.7 x l O " ; 
4.32x10";? 
1.99x10" 
Clay and van G-emert, (1939) 

















I h m e r t ? (1937) taken from Pine 
e t a l , (1959) 












































I OCX) 200 500 2000 
Depth below sea-level, in mw.e. 
h $ The comparison of* the measured - i n t e n s i t i e 55, 
w i t h the "pred l e t e d values at depths 100 
2000 ra.w. e. 
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2.81 f o r momenta above 50 GeV/c and t h i s leads t o an 
i n t e g r a l spectrum h a v i n g an i n t e n s i t y which i s ~ 36$ t o o 
h i g h a t 100 GeV/c. 
6.5.2 The Measured I n t e n s i t y Below Depths o f 2000 m.w.e. 
The f i r s t measurements made a t depths below 2000 m.w.e. 
were made by H i y a z a k i , ( 1 9 4 9 ) . However, doubt has been c a s t 
on these data because of t e c h n i c a l and measurement imper-
f e c t i o n s , (Meisowic z and M a s s a l a k i , (1950)^ and these w i l l 
n o t be co n s i d e r e d f u r t h e r . The o n l y o t h e r measurements are 
those of B a r t o n , ( 1 9 6 1 ) , Kiyake e t a l , (1962 and p.c. ) and 
B o l l i n g e r , (1951) , ( a l s o g i v e n by Pine e t a l , (1961?)). Of 
these, the f i r s t two are i n the v e r t i c a l d i r e c t i o n , o n l y 
the work of Barton b e i n g a b s o l u t e . The work of B o l l i n g e r 
was made a t v a r i o u s z e n i t h angles and r e f e r s t o a b s o l u t e 
r a t e s and t h e r e f o r e does not need n o r m a l i s a t i o n . B o l l i n g e r ' s 
work was c a r r i e d out a t o n l y 1500, and 1840 m.w.e. and 
because of the l a r g e z e n i t h angles used extend t o e f f e c t i v e 
depths f a r g r e a t e r because of the g r e a t e r path o f the par-
t i c l e s t h r o u g h rock a t i n c l i n e d a n g l e s . However these 
measurements cannot be a p p l i e d here d i r e c t l y because of 
the enhanced i n t e n s i t i e s of t-f-mesons a t i n c l i n e d angles 
i n the s e a - l e v e l r a d i a t i o n which g i v e s r i s e t o the under-
ground i n t e n s i t i e s . 
The enhanced i n t e n s i t i e s ofyV-me sons a t i n c l i n e d 
angles a t s e a - l e v e l havebeen shown by Jakeman, (1956) , 
Smith and D u l l e r , (1959) , t o be i m p o r t a n t o n l y a t h i g h 
104. 
e n e r g i e s , where a l t h o u g h the t o t a l i n t e n s i t y i s v e r y much 
reduced by the i n c r e a s e d depth of the atmosphere,an 
i n c r e a s e by a f a c t o r of 3 or 4 i n the d i f f e r e n t i a l spec-
trum i s p o s s i b l e a t 1000 GeV/c f o r z e n i t h angles approach-
i n g 90°. 
The a n a l y s i s of B a r r e t t et a l , ( 1 9 5 2 ) , and Appendix 
3 f o r the case of i n c l i n e d angles g i v e s 
H(e) — zZil M l 6-25 
where the symbols have the same meaning as/the Appendix. 
13 
At h i g h e n e r g i e s , E ~10 eV, t h i s reduces t o 




assuming t h a t the va l u e of 0 , the exponent of the "TCmeson 
p r o d u c t i o n spectrum d e r i v e d i n the p r e v i o u s chapter,can be 
e x t r a p o l a t e d t o these e n e r g i e s . A l l e n and A p o s t o l a k i s , 
( l 9 6 l ) , have shown t h a t u n c e r t a i n t i e s of more than 4$ are 
not i n t r o d u c e d i f a unique h e i g h t o f p r o d u c t i o n of T^mesons 
-2 
i s assumed and t h i s i s taken t o be 120 gm.cm . Using t h e i r 
v a l u e s of (x/^>^, shown i n f i g u r e 6.5a as (x/j*)^ —, the i n t e n -
s i t i e s f o r 5° i n t e r v a l s ^60° have been c a l c u l a t e d f o r an 
13 
energy of 10 eV. The i n t e n s i t i e s a t 1000 GeV f o r the 
angles g i v e n by A l l e n e t a l have been c o r r e c t e d i n the l i g h t 
of the p r e s e n t more a c c u r a t e s e a - l e v e l p -meson spectrum i n 
the v e r t i c a l d i r e c t i o n ( t h e s e a u t h o r s used the p r e l i m i n a r y 
spectrum o b t a i n e d by u s i n g the f l a s h - t u b e s , Ashton e t a l , 
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Figure 6.5a s 
The v a r i a t i o n of (x/p)e/H with x for various 
z e n i t h angles e 
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Energy, i n GeV. 
Figure 6,5b i The v a r i a t i o n of the r a t i o of the 
i n t e g r a l i n t e n s i t y a t various z e n i t h 
angle© e, to t h a t i n the v e r t i c a l 
d i r e c t i o n , with energy at s e a - l e v e l . 
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i n t e g r a t e d f o r e n e r g i e s above 1000 GeV. The r a t i o s by 
which the i n t e g r a l i n t e n s i t i e s are i n c r e a s e d over the 
v e r t i c a l i n t e g r a l i n t e n s i t y 
were d e r i v e d , f i g u r e 6.5b. Any changes i n the v a l u e of ^  
( e q u a t i o n A3.9) a t h i g h e r e n e r g i e s are reduced by t a k i n g 
t h i s r a t i o . 
Taking the e f f e c t i v e depths of B o l l i n g e r ' s r e s u l t s , 
t a b l e 6.4, the minimum energy was d e r i v e d from the range-
energy r e l a t i o n , f i g u r e 6.3. The c o r r e c t i o n f a c t o r de-
r i v e d u s i n g f i g u r e 6.5b i s shown i n t a b l e 6.4 t o g e t h e r 
w i t h the c o r r e c t e d i n t e n s i t i e s . 
The data of B o l l i n g e r have a l s o been c o n s i d e r e d by 
Miyake e t a l . However i t seems t h a t these a u t h o r s use a 
sec & c o r r e c t i o n f a c t o r which i s o n l y approximate a t 
l a r g e z e n i t h angles s i n c e i t n e g l e c t s the c u r v a t u r e of 
the e a r t h . The two c o r r e c t i o n f a c t o r s are compared i n 
f i g u r e 6.6. 
The e f f e c t of s c a t t e r i n g of yn-mesons i n the r o c k 
above B o l l i n g e r ' s apparatus must a l s o be a l l o w e d f o r . 
A l l e n e t a l have shown t h a t the s c a t t e r i n g ofyU-mesons 
i n the atmosphere i n c r e a s e s the i n t e n s i t y by a s m a l l 
amount a t low en e r g i e s and l a r g e z e n i t h a n g l e s , because 
of the g r e a t e r i n t e n s i t y of p a r t i c l e s i n the v e r t i c a l 
d i r e c t i o n a t low e n e r g i e s . A s i m i l a r e f f e c t w i l l be 
i n h e r e n t i n B o l l i n g e r ' s r e s u l t s . I f the l a s t >~ 900 gm.cm" 
of rock i s c o n s i d e r e d , the approximate magnitude of the 
Table 6.4 
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The C o r r e c t e d Data of B o l l i n g e r , ( l 9 5 l ) 
I n t e n s i t 
s t _ A " ) 
, _2 II {cm ^seo 
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The c o r r e c t i o n f a c t o r s i n b r a c k e t s are those o b t a i n e d from 
Miyake e t a l , (1962) and i n c l u d e d f o r comparison. 
Table 6.5 : The above data c o r r e c t e d f o r s c a t t e r i n g . 
Z e n i t h angle 
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F i g u r e 6.6 . The comparison of .x/pH and sec © w i t h z e n i t h 
angle, e. 
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e f f e c t can be determined., The w-mesons w i l l l o s e an 
average of about 7 GeV i n t h i s t h i c k n e s s of r o c k , so t h a t 
n e a r l y a l l of the s c a t t e r i n g w i l l take p l a c e i n t h i s 
r e g i o n above the ap p a r a t u s . The p r e v i o u s l y c o r r e c t e d 
d i f f e r e n t i a l s p e c t r a of A l l e n e t a l have been i n t e g r a t e d 
above 0.4 GeV, c o r r e s p o n d i n g a p p r o x i m a t e l y t o the minimum 
energy of ^-mesons able to p e n e t r a t e B o l l i n g e r ' s appara-
t u s . The i n c r e a s e i n the i n t e n s i t y , b e c a u s e of s c a t t e r i n g 
a t v a r i o u s angles i s shown i n f i g u r e 6.7, where the max-
imum i n c r e a s e i n the i n t e n s i t y i s seen t o be l e s s than 
12$. B o l l i n g e r ' s r e s u l t s have been c o r r e c t e d f u r t h e r and 
the f i n a l c o r r e c t e d i n t e n s i t i e s are g i v e n i n t a b l e 6.5. 
The o t h e r data of B o l l i n g e r have been c o r r e c t e d by the 
f ac tor 
B-fE 
£ cos + B 
where B - 89.26 Ge?,which i s a c c u r a t e a t the angles where 
i t i s a p p l i e d and these c o r r e c t e d i n t e n s i t i e s are g i v e s 
i n t a b l e 6.6. The measured i n t e n s i t i e s i n t a b l e s 6.5 and 
6.6 are shown i n f i g u r e 6.8. I t i s not c l e a r from the 
r e s u l t s of Kiyake e t a l , whether they have a p p l i e d a 
c o r r e c t i o n f o r the z e n i t h angle v a r i a t i o n t o t h e i r 
r e s u l t s , which w i l l be c o n s i d e r a b l e because of the l a r g e 
angular acceptance of t h e i r a pparatus. This i m p o r t a n t 
c o r r e c t i o n has been con s i d e r e d by B a r t o n . 
v o 
o 10 
>» 8 -i 
/ 
60 70 
Z e n i t h a n g l e , «• 
Figure 6.7 * The s c a t t e r i n g c o r r e c t i o n , 
108. 
Table 6.6 : I n t e n s i t i e s a t g r e a t depths by v a r i o u s a u t h o r s . 
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no r m a l i s e d t o best e s t i m a t e of depth i n t e n s i t y data of 
f i g u r e 6.4 a t t h i s depth. 
^ p r i v a t e communication, May 1962. 
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The measured i n t e n s i t i e s f o r depths below 2000 m.w.e. 
are compared w i t h the p r e d i c t e d v a l u e s i n f i g u r e 6.8. 
The upper f u l l curve i s the bes t e s t i m a t e of the depth 
i n t e n s i t y v a r i a t i o n s from the measured dat a . The lower 
f u l l curve i s the p r e d i c t e d i n t e n s i t y c a l c u l a t e d from 
the s e a - l e v e l i n t e g r a l spectrum of^-mesons and the mean 
range-energy r e l a t i o n as b e f o r e . The c o n c l u s i o n s t o be 
drawn from the comparison of these two f u l l curves w i l l 
be d e f e r r e d u n t i l a f t e r the nex t s e c t i o n where the e f f e c t 
of f l u c t u a t i o n s i n the average r a t e of energy l o s s i s 
c o n s i d e r e d . For t h e p r e s e n t however, i t can be seen 
from f i g u r e 6.8 t h a t t h e r e are again q u i t e wide l i m i t s 
i n the v a r i a t i o n o f the measured i n t e n s i t i e s o b t a i n e d by 
d i f f e r e n t a u t h o r s . 
6.6 The E f f e c t of S t r a g g l i n g on Range 
The average r a t e of energy l o s s by ^-mesons has been 
co n s i d e r e d i n s e c t i o n s 6.31,1-6.3.4. At h i g h e n e r g i e s the 
terms i n v o l v i n g b r e m s s t r a h l u n g and n u c l e a r l o s s e s are a 
l a r g e f r a c t i o n of the t o t a l energy l o s s . The p r o b a b i l i -
t i e s f o r f r a c t i o n a l energy l o s s , v, co n s i d e r e d i n the above 
s e c t i o n s have shown t h a t f o r b r e m s s t r a h l u n g , ( e q u a t i o n 
6.15a), and n u c l e a r i n t e r a c t i o n s , ( e q u a t i o n 6.17), alone, 
the p r o b a b i l i t y of a f r a c t i o n a l energy l o s s v i s approx-
i m a t e l y 
f ( E , v ) <* ~ 
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Figure 6.8 s The oaaparlson of the measured intensities with tha 
predioted values at depths below 2000 m.w.e. 
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and t h a t the o t h e r forms of energy l o s s f a l l o f f more 
r a p i d l y . 
The energy l o s s process can thus ho l o n g e r be con-
s i d e r e d as a c o n t i n u o u s process a t h i g h e n e r g i e s , s i n c e 
a y.-meson may l o s e a v e r y l a r g e f r a c t i o n of i t s energy 
i n one c o l l i s i o n . I t i s because of the p o s s i b l e l a r g e 
energy l o s s e s i n s i n g l e c o l l i s i o n s t h a t the range of 
^-mesons of a g i v e n energy w i l l not fee c o n s t a n t . The 
s i t u a t i o n w i l l be analogous to the s o - c a l l e d s t r a g g l i n g 
process observed i n fi-r&y a b s o r p t i o n . The s t r a g g l i n g 
process has the e f f e c t of i n c r e a s i n g the i n t e n s i t y of 
p a r t i c l e s p r e d i c t e d a t g r e a t depths u s i n g the average 
r a t e of energy l o s s and the mean range energy r e l a t i o n , 
because some of the p a r t i c l e s a t low e n e r g i e s where the 
i n t e n s i t y i s g r e a t e r , w i l l have energy l o s ses l e s s than the 
average v a l u e and so w i l l be able t o s u r v i v e t o g r e a t e r 
depths. 
B o l l i n g e r , (1951) , has performed a Monte Carlo c a l -
c u l a t i o n t o e v a l u a t e the magnitude of t h i s e f f e c t f o r t h e 
a b s o r p t i o n of /A-mesons underground. He concluded t h a t 
the e f f e c t was s m a l l , and corresponded to * lQ?e i n c r e a s e 
i n i n t e n s i t y , but, however,the c a l c u l a t i o n was a n u m e r i c a l 
one based on o n l y 100 p a r t i c l e s . 
Mando and Sona, ( 1 9 5 3 ) , have con s i d e r e d the problem 
t h e o r e t i c a l l y , by s o l u t i o n of the d i f f u s i o n e q u a t i o n 
t h r o u g h the e a r t h . However i t was c a r r i e d out o n l y 
111. 
a p p r o x i m a t e l y u s i n g f i r s t ' o r der terms and c o l l i s i o n and 
b r e s s s t r a h l u n g l o s s e s o n l y , and the i n c r e a s e i n i n t e n s i t y 
was found t o be, o n l y ^ 2fo. 
Rozental and S t r e l * t s o v , (1959) , have made a s i m i l a r 
t h e o r e t i c a l t r e a t m e n t , f o r d i f f e r e n t s e a - l e v e l s p e c t r a and 
ph o t o - n u c l e a r c r o s s - s e c t i o n s . T h e i r r e s u l t s are g i v e n i n 
t a b l e 6.7. These a u t h o r s have used s i m i l a r c r o s s - s e c t i o n s 
f o r the v a r i o u s e n e r g y - l o s s processes t o those used i n 
s e c t i o n s 6.1,3-6.3.4» so t h e i r r e s u l t s c o u l d be d i r e c t l y 
a p p l i e d t o the pr e s e n t work. I t can be seen t h a t the 
v a l u e of the r a t i o by which the p r e d i c t e d i n t e n s i t y , , 
which i s o b t a i n e d by u s i n g the mean range-energy r e l a t i o n , 
f i g u r e 6.3, should be i n c r e a s e d , I / i , i n c r e a s e s w i t h 
S HI 
i n c r e a s i n g CT^ , ^ , S and depth. However i t appears t h a t 
the c o r r e c t i o n f a c t o r s have been e v a l u a t e d a t underground 
e n e r g i e s of about 3000 GeV, or s e a - l e v e l e n e r g i e s of about 
3500 GeV,at the s h a l l o w e s t depth f o r which the f a c t o r s 
were c a l c u l a t e d . Thus t h i s work cannot be d i r e c t l y a p p l i e d 
t o the p r e s e n t problem. 
The Monte Carlo c a l c u l a t i o n s c a r r i e d out by B o l l i n g e r 
t o f i n d the s u r v i v a l p r o b a b i l i t y of yt-mesons of d i f f e r e n t 
e n e r g i e s t o g i v e n depths have r e c e n t l y been repeated by 
Palmer (1962, p.c. ) f o l l o w i n g a s i m i l a r method t o t h a t 
adopted by B o l l i n g e r but w i t h g r e a t e r s t a t i s t i c a l accuracy. 
Palmer has determined the s u r v i v a l p r o b a b i l i t y f o r 1000 
p a r t i c l e s ( A- 3f- accuracy) u s i n g a computer. The p r o b a b i l i t y 
112, 
f a b l e 6.7 : The C o r r e c t i o n f a c t o r s d e r i v e d by Rozental 
and S t e l ' t s o v . 
E * 3000 Gel, r w * 1 0 " 2 8 cm~ 2/nucleon. 
Depth (m.w.e.) 1350 2700 4580 ^, i n t e g r a l 
C o r r e c t i o n 1.1 1.25 1.5 2 
f a c t o r 
1.3 1.9 2.9 3 
I * 3000 GeV, zr ~ 5 x 1G~ 2 8 cm"" 2/nucleon. 
Depth (m.w.e.) 1350 2700 4500 
C o r r e c t i o n 1.15 1.35 1.7 2 
f a c t o r 
1.5 2.2 4.8 3 
E i s the energy of they«-meson a t the s t a t e d depth. 
Y i s the s i ope of the i n t e g r a l y - m e s o n spectrum a t sea-
l e v e l . 
The c o r r e c t i o n f a c t o r , I i s the f a c t o r by which the 
p r e d i c t e d i n t e n s i t y u s i n g the average r a t e of energy l o s s 
s hould be m u l t i p l i e d t o o b t a i n the r e s u l t i n g i n t e n s i t y 
c o r r e c t e d f o r f l u e t u a t i o n s i n energy l o s s . 
Table 6.8 : The r a t i o I / i c a l c u l a t e d by Palmer, (1962, 
, E5 uL _ . 
p« c«)« 
Depth 1000 2000 3000 5000 7500 
I / i 1.10 1.21 1.32 1.86 3.10 
s m 
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of a f r a c t i o n a l energy l o s s , v,has been c a l c u l a t e d by 
t a k i n g approximate forms f o r the average r a t e of energy 
l o s s c a l c u l a t e d by the author and g i v e n i n t a b l e 6.2, 
- ~ ~ 1.6 x 10~ 6E MeV/gm.cm"""2 6.27 
p a i r 
U 1.8 x 10" 6E MeV/gm.cm"2 6.28 
brems 
- ~ - 1.7 x 10" 6E MeV/gm.cm"2 6.29 ax n n u c l e a r 
The e r r o r i n t r o d u c e d by these approximate forms i s n o t 
g r e a t e r than 13$. The average r a t e o f energy l o s s f o r 
c o l l i s i o n processes f o l l o w s c l o s e l y the value g i v e n by 
e q u a t i o n 6.9. Using the i n t e g r a l spectrum of f i g u r e 6.1 
e x t r a p o l a t e d t o h i g h e n e r g i e s assuming a c o n s t a n t expo-
n e n t , 1-2.64, f o r the d i f f e r e n t i a l "7^-meson p r o d u c t i o n 
spectrum, the r a t i o by which the i n t e n s i t y i s i n c r e a s e d 
when f l u c t u a t i o n s i n energy l o s s are a l l o w e d f o r , over 
the i n t e n s i t y c a l c u l a t e d assuming a mean range f o r the 
^-mesons, I / l , has been c a l c u l a t e d by Palmer f o r 
S Hi 
v a r i o u s depths and i s g i v e n i n t a b l e 6.8. I n ord e r t o 
o b t a i n the c o r r e c t p r e d i c t e d v a l u e s of i n t e n s i t y a t the 
depths g i v e n i n the t a b l e , the p r e d i c t e d i n t e n s i t y v a l u e s 
g i v e n i n f i g u r e s 6.4 and 6.8, which have been c a l c u l a t e d 
assuming a mean range fory^-mesons, must be m u l t i p l i e d by 
these r a t i o s . The p r e d i c t e d i n t e n s i t i e s c o r r e c t e d f o r 
the e f f e c t of f l u c t u a t i o n s i n the average r a t e of energy 
l o s s , a r e shown i n f i g u r e s 6.4 and 6.8 as the "dashed" 
l i n e s . 
I t i s concluded from t a b l e 6.8, and f i g u r e s 6.4 and 
6.8, t h a t the e f f e c t of f l u c t u a t i o n s i n energy l o s s i s 
ext r e m e l y i m p o r t a n t , and t h a t the c o r r e c t i o n t o be a p p l i e d 
f o r t h i s e f f e c t i n c r e a s e s w i t h i n c r e a s i n g v a l u e s of t h e , 
slope of the s e a - l e v e l i n t e g r a l ^-meson spectrum and i n -
c r e a s i n g average r a t e of energy l o s s . The comparison of 
the c o r r e c t e d p r e d i c t e d i n t e n s i t i e s w i t h the best e s t i m a t e 
of the measured i n t e n s i t i e s underground w i l l now be con-
s i d e r e d . 
6.7 Conclusions 
The i n t e n s i t y measurements made a t s e a - l e v e l may be 
s u b j e c t t o b i a s e f f e c t s because of the s e l e c t i o n methods 
used i n the c o l l e c t i o n of d a t a , Chapter 3. The measured 
integralyH-meson spectrum a t s e a - l e v e l r e f e r s e s s e n t i a l l y 
to s i n g l e p a r t i c l e s . These p a r t i c l e s a t high^A-meson 
12 
ene r g i e s , ^ 1 0 eV, are p a r t s of the observed e x t e n s i v e 
a i r showers, E.A.S., which a t s e a - l e v e l c o n t a i n m o s t l y 
e l e c t r o n s , t o g e t h e r w i t h a s m a l l percentage of ^ -mesons. 
At low e n e r g i e s , the e l e c t r o n component i s r a p i d l y ab-
sorbed b e f o r e i t reaches s e a - l e v e l . Thus the b i a s e f f e c t s 
due t o p a r t i c l e s which accompany the^rt-mesons w i l l i n c r e a s e 
w i t h energy. B a r r e t t e t a l have found t h a t p r a c t i c a l l y 
a l l E.A.8., h a v i n g more than 500 e l e c t r o n s a t s e a - l e v e l , 
c o n t a i n a -meson of energy (E ^ I O ^ e?) s u f f i c i e n t t o 
p e n e t r a t e t o 1600 m.w.e., and t h a t individualytA-mesons 
occur w i t h i n A , 10 m of the core of a shower. With the 
115. 
p r e s e n t apparatus i t i s c l e a r t h a t i f a d e n s i t y of asso-
_2 
c i a t e d p a r t i c l e s g r e a t e r than about 1 m o c c u r s , then 
t h i s type of event w i l l n o t be accepted f o r measurement. 
The b i a s e f f e c t can be e v a l u a t e d f o r ,M-me sons and e l e c t r o n s 
from the l a t e r a l d i s t r i b u t i o n curves g i v e n by Fukui e t a l , 
( 1 9 6 0 ) . Using these curves i t i s found t h a t the d e n s i t y 
-2 
of e l e c t r o n s i s g r e a t e r than 1 a ' over a r a d i u s of 1.5 m 
3 
f o r a shower c o n t a i n i n g 10 e l e c t r o n s a t s e a - l e v e l . The 
d e n s i t y of ^ -mesons i s almost independent of the p o s i t i o n 
from the core of the shower up t o r a d i i of 10 m, and the 
t o t a l number of -mesons a s s o c i a t e d w i t h the core of the 
shower i s ~ 3 , i n good agreement w i t h the values g i v e n by 
B a r r e t t e t a l . Thus the y*-mesons which are a s s o c i a t e d 
_2 
w i t h an e l e c t r o n d e n s i t y > 1 a w i t h i n 1.5 m of a shower 
a x i s w i l l be l o s t from the presen t measurement, but these 
do not account f o r more than 5°/® on average of the t o t a l 
numbers. I t i s t h e r e f o r e concluded t h a t the E.A.3. b i a s 
e f f e c t i s s m a l l . 
Before any c o n c l u s i o n s can be drawn from the v e r y 
i m p o r t a n t measurements on i n t e n s i t i e s a t g r e a t depths, 
i n o r d e r t o o b t a i n i n f o r m a t i o n on the energy spectrum 
12 
of ^-mesons at s e a - l e v e l a t energies above 10 eV, the 
v a l i d i t y of the bes t e s t i m a t e of the r a t e of energy l o s s 
d e r i v e d i n t h i s c h a p ter must be c o n f i r m e d . The i n t e g r a l 
spectrum of f\ -mesons a t s e a - l e v e l i s w e l l known up to 
e n e r g i e s of about 1000 GeV. Comparison of the p r e d i c t e d 
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i n t e n s i t i e s c o r r e c t e d f o r the e f f e c t of f l u c t u a t i o n s , 
w i t h the best e s t i m a t e of the underground i n t e n s i t i e s i s 
gi v e n i n f i g u r e 6.4. I t can be seen t h a t t h e r e i s good 
agreement of the best e s t i m a t e of the measured i n t e n s i -
t i e s w i t h the p r e d i c t e d i n t e n s i t i e s i n the r e g i o n 100 — 
1000 m.w.e. and a l s o between 1000 and 2000 m.w.e. w i t h 
the p r e d i c t e d i n t e n s i t i e s c o r r e c t e d f o r the e f f e c t of 
f l u c t u a t i o n s i n energy l o s s , "dashed l i n e " . I n p a r t i c u -
l a r , the n o r m a l i s e d i n t e n s i t i e s , which cover a wide range 
of depths, show e x c e l l e n t agreement w i t h the p r e d i c t e d 
i n t e n s i t i e s over a wide range of depths and e s p e c i a l l y 
i n the r e g i o n 1000 - 2000 m.w.e., thus l e n d i n g s u p p o r t t o 
the v a l i d i t y of the form of the energy l o s s adopted as the 
b e s t e s t i m a t e . I t i s u n f o r t u n a t e t h a t t h e r e are no abso-
l u t e measurements of i n t e n s i t y underground, which extend 
over a wide range o f depths. I t i s t h e r e f o r e concluded 
t h a t the average r a t e of energy l o s s d e r i v e d i n t h i s 
c h a p t er and shown i n f i g u r e 6.2 i s an ac c u r a t e r e p r e s e n -
t a t i o n of the energy l o s s and t h a t the e f f e c t of f l u e t u a -
t i o n s i n the r a t e of energy l o s s i s i m p o r t a n t i n a r r i v i n g 
a t t h i s c o n c l u s i o n . 
At depths g r e a t e r than 2000 m.w.e., the average r a t e 
of energy l o s s which has been v e r i f i e d a t s h a l l o w e r depths 
(and hence lower e n e r g i e s ) i s e x t r a p o l a t e d t o o b t a i n the 
mean range f o r ^-mesons of h i g h e r energy. Since the 
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r e l e v a n t c o r r e c t i o n s which apply a t h i g h e n e r g i e s (such 
as f o r atomic s c r e e n i n g ) have been i n c l u d e d i n the d e r i v a -
t i o n o f the r a t e of l o s s of energy, the use of t h i s r e l a -
t i o n i s c o n s i d e r e d t o be j u s t i f i e d . I n ord e r t o c o n t i n u e 
the comparison c a r r i e d out i n f i g u r e 6.4 f o r depths up t o 
2000 a.w.e.,, the p r e d i c t e d i n t e n s i t i e s a t depths g r e a t e r 
than 2000 m.w.e. have again been found u s i n g the e x t r a p o -
l a t e d sea-1 evel i n t e g r a l >*-meson spectrum, f i g u r e 6.1 and 
the e x t r a p o l a t e d mean range-energy r e l a t i on, c o r r e c t e d as 
b e f o r e f or the e f f e c t of f l u c t u a t i o n s , t a b l e 6.8. The 
p r e d i c t e d i n t e n s i t i e s found i n t h i s way are shown i n 
f i g u r e 6.8, the "dashed l i n e A l t h o u g h the d i f f e r e n c e 
between the p r e d i c t e d and best e s t i m a t e of the measured 
i n t e n s i t i e s found i n f i g u r e 6.4, i s again apparent, the 
no r m a l i s e d i n t e n s i t i e s i n f i g u r e 6.8 (see t a b l e 6.6) of 
Miyake e t a l are i n e x c e l l e n t agreement w i t h the p r e d i c t e d 
i n t e n s i t i e s . The n o r m a l i s a t i o n of the data of these 
a u t h o r s a t 790 m.w.e. i s u n a f f e c t e d by the form of the 
r a t e of energy l o s s adopted. I t would be of g r e a t i n t e r -
e s t i f the v e r y p r e c i s e measurements c a r r i e d out by these 
a u t h o r s c o u l d be determined as a b s o l u t e i n t e n s i t i e s , 
i n s t e a d of r a t e s , which have subsequently t o be n o r m a l i s e d . 
I t i s t h e r e f o r e concluded t h a t t h e r e i s some evidence f o r 
the e x t r a p o l a t e d form of the pr e s e n t s e a - l e v e l i n t e g r a l 
spectrum, t h a t i s w i t h a c o n s t a n t d i f f e r e n t i a l exponent o f 
the "f-meson p r o d u c t i o n spectrum h a v i n g T~ 2.64, which i s 
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i n disagreement w i t h the r e s u l t s of F u j i m o t o e t a l , 
(1960) and Duthie e t a l , ( l 9 6 l ) , and Bowler et a l , 
(1962) (see s e c t i o n 8.2). Also shown i n f i g u r e 6.8 
are the i n t e n s i t i e s d e r i v e d from the i n t e g r a l s e a - l e v e l 
^-meson s p e c t r a of Duthie e t a l , and Babu and l a s h P a l , 
( 1 9 6 2 ) . The work o f Duthie e t a l and Bowler e t a l on 
7-ray cascades has been used t o f i n d a ir°-meson produc-
t i o n spectrum which has subsequently been used t o p r e -
d i c t the yU-meson spectrum a t s e a - l e v e l a t e n e r g i e s above 
300 Ge V. I t can be seen, f i g u r e 6.8, t h a t t h i s l e ads 
t o i n t e n s i t i e s a t depths below 2000 ra.w.e. which are 
much l e s s than those p r e d i c t e d by the p r e s e n t work. The 
s e a - l e v e l spectrum d e r i v e d by Bowler et a l has a g r e a t e r 
slope than t h a t found from the a u t h o r s work above 300 GeV, 
so t h a t the c o r r e c t i o n s t o be a p p l i e d f o r the e f f e c t of 
f l u c t u a t i o n s i n energy l o s s w i l l be g r e a t e r . This a l s o 
a p p l i e s to the o t h e r i n t e n s i t y curve shown i n f i g u r e 6.8, 
d e r i v e d from the t h e o r e t i c a l work of Babu and Tash P a l , 
( 1 9 6 2 ) , which, b r i e f l y , assumes t h a t a hyperon source 
g i v e s r i s e t o ^ i-aesons a t h i g h energies. This work i s 
f u r t h e r c o n s i d e r e d i n chapter 9. The c o r r e c t i o n s t o be 
a p p l i e d t o these two curves ( h a v i n g g r e a t e r s l o p e s ) f o r 
the e f f e c t of f l u c t u a t i o n s i n energy l o s s are not a v a i l -
able but would be u n l i k e l y t o be of such v a l u e as to g i v e 
agreement w i t h the best e s t i m a t e of the measured i n t e n s i -
t i e s . The o n l y way i n which these curves can be accommo-
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dated I n t o the p r e s e n t p i c t u r e , i s by r e d u c i n g the r a t e of 
energy l o s s of vt-mesons, which would suggest t h a t one or 
more of the t h e o r e t i c a l e s t i m a t e s of the c r o s s - s e c t i o n s 
f o r the v a r i o u s energy l o s s processes might be i n e r r o r 
and need r e v i s i o n . I t i s t h e r e f o r e concluded t h a t a l t h o u g h 
t h e r e i s some i n d i c a t i o n f o r the form of the energy l o s s 
d e r i v e d i n t h i s c h a p t e r , g i v i n g r i s e to good agreement of 
the i n t e n s i t i e s d e r i v e d from the e x t r a p o l a t e d form of the 
i n t e g r a l spectrum assuming c o n s t a n t Y, m o d i f i c a t i o n to the 
r a t e of energy l o s s , and hence the t h e o r e t i c a l c ross-sec-
t i o n f o r energy l o s s by the d i f f e r e n t processes^would be 
necessary i f the s e a - l e v e l spectrum of Bowler e t a l was 




The Measured Charge u Ratio^ of ^ - m e s o n s a t Sea-Level 
7.1 I n t r o d u c t i on 
The measurement of the charge r a t i o of ^-mesons a t 
s e a - l e v e l i s of p a r t i c u l a r i n t e r e s t a t the p r e s e n t t i m e , 
( 1 9 6 2 ) , 
beeause of the r e c e n t l y proposed t h e o r y of P e t e r s / t h a t 
some /l-mesons a t h i g h energy, and i n p a r t i c u l a r e n ergies 
covered by the p r e s e n t work, are produced v i a hyperon 
decay. Since t h e r e are no o t h e r measurements of the 
charge r a t i o above 100 Gev/c, the pres e n t work p r o v i d e s 
an i m p o r t a n t t e s t of t h i s t h e o r y and the need f o r a 
complete knowledge of the t e c h n i c a l f a c t o r s a f f e c t i n g 
the accuracy of the d e t e r m i n a t i o n of the r a t i o i s v i t a l . 
A l though the charge of yu-mesons i s e a s i l y i d e n t i f i e d 
by the magnetic d e f l e c t i o n , many forms of b i a s can a r i s e 
from the use of magnetic s p e c t r o g r a p h s . The types of 
b i a s can be grouped i n t o two forms: geometric b i a s and 
time dependent magnetic b i a s . Geometric b i a s i s i n h e r e n t 
i n the c o n s t r u c t i o n of the s p e c t r o g r a p h and i n v o l v e s asy-
mmetries i n the a l i g n m e n t or acceptance geometry of the 
i n s t r u m e n t . The time dependent magnetic b i a s depends more 
on the v a r i a t i o n of the magnitude of the d e f l e c t i n g f i e l d 
w i t h time and the r e l a t i v e times f o r which data are c o l -
l e c t e d on each f i e l d d i r e c t i o n , and the e f f i c i e n c y of the 
Geiger counter t e l e s c o p e d u r i n g these t i m e s . 
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I t i s f o r t u n a t e t h a t most g e o m e t r i c , time dependent 
and magnetic b i a s can be reduced t o e f f e c t s which have 
n e g l i g i b l e e f f e c t on the f i n a l r e s u l t by f r e q u e n t r e v e r s a l 
of the magnetic f i e l d . The charge r a t i o of /^-mesons, de-
f i n e d i n s e c t i o n 2.5, then i n v o l v e s o n l y the elementary 
summation of numbers of p o s i t i v e l y charged, and n e g a t i v e l y 
charged /tt-mesons f a l l i n g i n v a r i o u s d e f l e c t i o n c e l l s . The 
o n l y s y s t e m a t i c c o r r e c t i o n s which need to be a p p l i e d are 
those f o r the momentum s e l e c t o r , ( s e c t i o n 5.5), and e r r o r s 
i n t r a c k 1 o c a t i o n , ( s e c t i o n s 5.9, and 5.10). 
The b a s i c data w i l l now be co n s i d e r e d i n the l i g h t of 
the b i a s e f f e c t s and s y s t e m a t i c c o r r e c t i o n s w i l l be a p p l i e d 
t o o b t a i n the p o s i t i v e t o n e g a t i v e r a t i o of /-mesons. 
7.2 The Bias E f f e c t s / 
7T2.1 The Geometric Bias E f f e c t s 
The causes which can g i v e r i s e t o these e f f e c t s w i l l 
a r i s e from e r r o r s i n the acceptance geometry of the Geiger 
c o u n t e r s , and i n the measurement and alignment geometry of 
the f l a s h - t u b e system. Since these e f f e c t s ere of d i f f e r -
ent magnitudes, the f i r s t i n v o l v i n g dimensions of the mag-
n i t u d e of the h o r i z o n t a l Geiger counter s e p a r a t i o n s (3.8 
cm) and the second i n v o l v i n g dimensions of the magnitude 
of the accuracy of al i g n m e n t of the f l a s h - t u b e system 
(0.04 cm), they w i l l be easy to d i f f e r e n t i a t e between. 
The b a s i c data are shown i n t a b l e 7.1. A l l the data 
are s t a t i s t i c a l l y independent and are u n c o r r e c t e d f o r 
s y s t e m a t i c e f f e c t s i n t r o d u c e d by the s e l e c t o r and aeas-
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Table 7.1 : Basic Data f o r the P o s i t i v e - N e g a t i v e R a t i o i t i o , f [ f } 
D e f l e c t i o n 
C e l l , cm 
0.02 
P o s i t i v e 
F i e l d , E, 
2 + 
K u U) Negative N„ ( f ) N_ (•+) 
j? x ex a, xi_ 
F i x e d Geometry 
3 + 
-0.06 3- 0-
0.06 6 + 24-
-0.10 2- 2-
0.10 15 + 7+ 
-0.18 14- 3-
0.18 17 + 20+ 
-0.26 20- 13-
0.26 23 4 38 + 
-0.34 22- 12-
0. 34 32 + 41+ 
-0,42 36- 22-
0.42 29* 55+ 
-0.50 35- 21-
0.50 676-* 729+ 
-1.30 598- 502-
1.30 13 2 1 4 120 4+ 
-2.50 943- 1.093-
2.50 1371 + 982+ 
-4.10 778- 1135-

















X • 2 X X • 2 6 
1.23 1.25 
l e g a - Posi-
t i v e t i v e 
D e f l e c - Deflec-
t i o n t i o n 
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urement e r r o r s . Geometric b i a s e f f e c t s w i l l be i n d i c a t e d 
by c o n s i d e r i n g the r a t i o 
Mai - ^ 
f o r a g i v e n a l g e b r a i c d e f l e c t i o n , and then comparing the 
two p o s s i b l e r a t i o s o b t a i n e d . 
The c e l l s w i t h l a r g e r d e f l e c t i o n ( p r o j e c t i o n measure-
ments ) g i v e r a t i o s i n good agreement w i t h each o t h e r i n d i -
c a t i n g no s e r i o u s geometric d e f e c t s i n the assumed Geiger 
co u n t e r acceptance geometry. The t r a c k s i m u l a t o r measure-
ments , b e a r i n g i n mind the s t a t i s t i c a l accuracy, do not 
i n d i c a t e any e r r o r s i n measurement or assumed geometry 
(Ac ) . The symmetry i n the d i s t r i b u t i o n of 4> » f i g u r e 5.12 
a l s o adds co n f i d e n c e to the accuracy of the geometry. 
7.2.2 The Time-dependent Magnetic:' Bias 
This problem has been con s i d e r e d i n s e c t i o n 5.2. 
Frequent r e v e r s a l of magnetic f i e l d reduces t h i s e f f e c t t o 
a minimum. 
7•3 The C o r r e c t i o n f o r MomentumSelector Asjfflmetry 
This has been e v a l u a t e d i n s e c t i o n 5.5 and i s shown 
i n f i g u r e s 5.5a and 5.5b. I n o r d e r t o e q u a l i s e the 
r e l a t i v e acceptance of p o s i t i v e and n e g a t i v e p a r t i c l e s , 
the f a c t o r s i n these f i g u r e s are a p p l i e d to reduce the 
numbers of p o s i t i v e p a r t i c l e s on p o s i t i v e f i e l d , and the 
numbers of n e g a t i v e p a r t i c l e s on n e g a t i v e , f i e l d. Since 
the f a c t o r s are o n l y a p p r e c i a b l e compared w i t h s t a t i s t i c a l 
e r r o r s f o r the p r o j e c t o r d a t a , the adjustment i s o n l y 
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c a r r i e d out on t h i s d a t a . T h i s i s j u s t i f i e d s i n c e the 
c o r r e c t i o n , a l t h o u g h by f a c t o r s of up to 2, i n f a c t t u r n s 
out to be o n l y a f i r s t o r d e r one, i n t h a t i t i s a p p l i e d to 
t h e numerator and denominator of t h e f i n a l pos i t i v e - n e g a -
t i v e r a t i o . 
The r a t i o E, c a l c u l a t e d from t h e s e c o r r e c t e d numbers 
of p a r t i c l e s i s g i v e n i n t a b l e 7.2, where t h e r e i s seen to 
bv good agreement between t h e two s e t s of d a t a , i n d i c a t i n g 
t h a t t h e c o r r e c t magnitude of t h e momentum s e l e c t o r asym-
metry has been e v a l u a t e d . 
The f i n a l numbers of p o s i t i v e and n e g a t i v e p a r t i c l e s 
a r e shown i n Ta b l e 7.3. 
7.4 The F i n a l C o r r e c t e d P o s i t i v e - K e g a t i v e R a t i o 
I n o r d e r to o b t a i n b e t t e r s t a t i s t i c a l a c c u r a c y a t 
h i g h momenta, the t r a c k s i m u l a t o r d a t a of t a b l e 7.1 have 
been grouped to g i v e l a r g e r c e l l s , t a b l e 7.3. A l s o shown 
i n t h i s t a b l e a r e d a t a which have been s u b j e c t e d to the 
r e j e c t i o n c r i t e r i o n of s e c t i o n 5.10 and Appendix 4. 
The median momenta of the c e l l s have been c a l c u l a t e d 
from the b e s t - f i t d e f l e c t i o n spectrum and c o r r e s p o n d to 
t h e median momenta of each d e f l e c t i o n c e l l . The e r r o r s 
a r e s t a t i s t i c a l o n l y . I f the p o s i t i v e - n e g a t i v e r a t i o i s 
g i v e n by 
M M K A/ H 
then the e r r o r i n 1 i s 
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Table 7.2 
D e f l e c t i o n 















3asic data c o r r e c t e d f o r momentum s e l e c t o r 
"asymmetry. 
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f a b l e 7.3 s The F i n a l C o r r e c t e d P o s i t i v e - N e g a t i v e R a t i o 
D e f l e c - P o s i - l e g a -
t i o n t i v e t i v e 
c e l l , cm P a r t i - P a r t i -
e l e s c l e s 
Momentum 
C o r r e s - K 
ponding 
to 
me di an 
d e f l e c -
t i o n fc^) 
TRACK SIMULATOR (AFTER REJECTION) 
A f t e r A f t e r 
C o r r . c o r r . 
f o r f o r 
n o i s e s e a -
l e v e l 
p ro-
tons 


















20 1 1 15 240 
12/ 
TRACK SIMULATOR (NO REJECTION) 
24 240 1.46 1.62 

































1. 268 : 0.051 




1.229 1 0.049 
s Based on numbers of p a r t i c l e s b e f o r e c o r r e c t i o n f o r momen-
tum s e l e c t o r assymmetry. 
The P o s i t i v e - N e g a t i v e R a t i o fS.6 1.2193 i0.32L9 
J 4.0 1.244 ±0.010 
u s i n g the G e i g e r c o u n t e r s S 1.98 1.208 t 0 . 0 1 0 
0.96 1.185 +-0.010 
a l one I 0.47 1.626 -0.021 
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Only the p a r t i c l e s i n the c e l l of s m a l l e s t d e f l e c t i o n of 
the t r a c k s i m u l a t o r measurements w i l l be s u b j e c t to c o r -
r e c t i o n f o r e r r o r s i n t r a c k l o c a t i o n . T h i s c o r r e c t i o n 
has been evaluated by t a k i n g d i f f e r e n t known c o n s t a n t 
p o s i t i v e - n e g a t i v e r a t i o s f o r t h e s e c e l l s d e r i v e d from 
d e f l e c t i o n s p e c t r a w i t h p o s i t i v e and n e g a t i v e d e f l e c t i o n s 
and t h e n a p p l y i n g e r r o r s of t r a c k l o c a t i o n to each s i g n of 
d e f l e c t i o n to f i n d the r e s u l t a n t p o s i t i v e - n e g a t i v e r a t i o 
w h i c h would be measured. . T h i s method of c o r r e c t i o n i s 
u n c e r t a i n t o t h e e x t e n t t h a t t h e f o r m o f v a r i a t i o n of K 
w i t h momentum i s unknown, i t b e i n g a r b i t r a r i l y assumed 
c o n s t a n t i n t h i s r a n g e . The f i n a l j u s t i f i c a t i o n i s 
whether the c o r r e c t e d v a l u e o f K i s i n good agreement, 
w i t h the v a l u e e x p e c t e d by e x t r a p o l a t i o n from the c l o s e 
r e g i o n where the c o r r e c t i o n has not been a p p l i e d . U s i n g 
the v a l u e f o r the e r r o r i n t r a c k l o c a t i o n g i v e n by equa-
t i o n 5.11} which r e f e r s t o t r a c k s i m u l a t o r measurements 
not s u b j e c t to r e j e c t i o n c r i t e r i a , then the apparent 
r a t i o i n d i c a t e s a t r u e one 11$ h i g h e r , whereas f o r the 
t r a c k s i m u l a t o r d a t a , w h i c h have been s u b j e c t e d to 
r e j e c t i o n , the apparent r a t i o i n c r e a s e s by 6%. The 
c o r r e c t e d r a t i o s a r e g i v e n i n t a b l e 7.3. I t can be seen 
f r o m t h i s t a b l e t h a t t h e measured p o s i t i v e - n e g a t i v e r a t i o 
d e c r e a s e s as momentum i n c r e a s e s , p a s s i n g through a minimum 
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i n t h e r e g i o n o f 10 GeV/c and t h e n i n c r e a s i n g a g a i n a t 
h i g h e r momenta. A l t h o u g h the t r a c k s i m u l a t o r d a t a s u b j e c t 
to r e j e c t i o n have a l o w e r v a l u e of K, i t i s not d i f f e r e n t 
by a s t a t i s t i c a l l y s i g n i f i c a n t amount. I n f a c t , a s i t i s 
based on a more a c c u r a t e method of measurement i t w i l l 
r e f e r to a s l i g h t l y h i g h e r median momentum. 
7.5 The Comparison w i t h Other Work 
The d a t a from the p r e s e n t work a r e shown i n f i g u r e 
7.1 where they a r e compared w i t h the d a t a o b t a i n e d u s i n g 
the G e i g e r c o u n t e r s . Over the common r e g i o n t h e r e i s good 
agreement. I t i s p o s s i b l e to draw a c o n t i n u o u s c u r v e 
through the f l a s h - t u b e d a t a n o t s u b j e c t to r e j e c t i o n 
c r i t e r i a but i n t h e l o w e r momentumregion,greater weight 
has been a t t a c h e d to the G e i g e r c o u n t e r d a t a f o r the b e s t 
e s t i m a t e l i n e because of t h e i r g r e a t e r s t a t i s t i c a l a c c u -
r a c y . S i m i l a r l y the t r a c k s i m u l a t o r d a t a which have been 
s u b j e c t e d to r e j e c t i o n c r i t e r i a w i l l be more a c c u r a t e s i n c e 
they a r e based on a more a c c u r a t e measurement t e c h n i q u e . 
The upper and l o w e r l i m i t s of K have been e s t i m a t e d i n 
o r d e r t o compare i t s m a g n i t u d e and a c c u r a c y w i t h o t h e r 
work. T h i s i s done i n f i g u r e 7.2. 
I t can be seen t h a t the p r e s e n t work i s i n good 
agreement w i t h the work of Owen and W i l s o n , (1951) , P i n e 
e t a l , ( 1959) and f i l o s o f o e t a l , (1954) , the d a t a of a l l 
o f t h e s e workers e x h i b i t a d e c r e a s e i n K from i t s e x p e c t e d 
maximum v a l u e , s e c t i o n 2.5, a t about 5 GeV/c, and the d a t a 
?lbsJt-tube* (Selector) 
• m4m 27** 8 G c % 
itd« 493t84Gcv ) t 
m4m 657HI2 G c ^ 
\ 
, in Ge-
Figure 7.1 » The measured p o s i t i v e - n e g a t i v e 
r a t i o . 
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of t h e s e workers a r e not i n c o n s i s t e n t w i t h a minimum i n 
the r e g i o n of 10 GeV/c. Of t h e s e data,only- t h a t of P i n e 
et a l e x t ends to momenta above 50 GeV/c. The r a t i o a t 
h i g h e s t momenta, 50 Ge v / c , c a l c u l a t e d by P i n e e t a l , has 
been c a l c u l a t e d from a c e l l which i s f r e e from p a r t i c l e s 
of o p p o s i t e s i g n due to c o n t r i b u t i o n from e r r o r s i n t r a c k 
l o c a t i o n . Of the d a t a of o t h e r workers shown i n f i g u r e 
7.2, t h a t of Holmes e t a l , (1961b) , has been c o n s i d e r e d 
b e f o r e i n c h a p t e r 5 where i t i s compared w i t h the «<-meson 
/ 
spectrum from the p r e s e n t work. I t was shown i n f i g u r e 
5.16 t h a t t h e r e a r e d i f f e r e n c e s between the yfl-meson s p e c -
trum o f the p r e s e n t work and t h a t of Holmes e t a l . The 
v a l u e s of X' deduced by Holmes e t a l show a marked tendency 
to v a l u e s h i g h e r than deduced from the p r e s e n t work. I n 
p a r t i c u l a r the h i g h v a l u e s of K g i v e n by the G e i g e r c o u n t e r 
work m i g h t i n d i c a t e some f o r m o f i n s t r u m e n t a l b i a s . Holmes 
et a l have a l s o e s t i m a t e d t h e e f f e c t of e r r o r s of t r a c k 
l o c a t i o n on t h e i r h i g h e s t momentum c e l l , of mean momentum 
98 GeV/c. Because t h i s c e l l i s so l a r g e , 0-0.5 cm d e f l e c -
t i o n , the e f f e c t i s n e g l i g i b l e compared to the s t a t i s t i c a l 
e r r o r . Holmes e t a l p l o t t h e i r v a l u e s of K a t the mean 
momentum of each c e l l . 
R e c e n t l y measurements have been made by Kamiya e t a l , 
( 1 9 6 2 ) , u s i n g a r o t a t a b l e magnetic t e l e s c o p e w i t h neon 
hodosc opes. T h e i r r e s u l t s shown i n f i g u r e 7.2 a r e seen to 
be i n good a g r e e m e n t w i t h the p r e s e n t work up to 60 GeV/c. 
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Figure 7,2 $ The comparison o f the l i m i t s and t e s t estimate 
of the .positive-negative r a t i o o f the present 
work, w i t h the r e s u l t s of other workers. 
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7.6 C o n c l u s i o n s 
There i s t h u s no work w h i c h i s i n c o n s i s t e n t w i t h t h e 
p r e s e n t work i n the range 5-50 GeV/c. Above 50 GeV"/c the 
work of P i n e e t a l , and Holmes e t a l i s i n disagreement 
w i t h t h e p r e s e n t work b u t the work o f Eamiya e t a l a t 66 
Ge V/c, a l t h o u g h 10$ lo w e r than the p r e s e n t work, i s not 
s i g n i f i c a n t l y d i f f e r e n t from the p r e s e n t work. 
The p r e s e n t work i n d i c a t e s a d e c r e a s e i n K to a m i n i -
mum v a l u e a t about 10 GeV/c, a f t e r which t h e r e i s an i n -
c r e a s e i n K. Thus K i s always p o s i t i v e . 
Any t h e o r e t i c a l t r e a t m e n t w i l l have to p r e d i c t such 
an i n c r e a s e i n K. The r e c e n t t h e o r i e s o f P e t e r s , (1962), 
and Babu and Yash P a l , (1962) , a l r e a d y c o n s i d e r e d i n chap-
t e r 6, i n d i c a t e a n e g a t i v e e x c e s s o f ^ i e s o n s a t s e a - l e v e l . 
There i s thus no e v i d e n c e f r o m the p r e s e n t work to sug g e s t 
t h i s and i t w i l l be f u r t h e r c o n s i d e r e d i n c h a p t e r 9. 
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Chapter 8 
The Energy Spectrum o f Charged iT-mesons at. P r o d u c t i o n i n 
the Atmosphere 
8.1 Introd.uc t i p n 
The energy spectrum of charged l£mesons a t p r o d u c t i o n 
i n the atmosphere i s o f g r e a t i n t e r e s t . I t has been shown 
t h a t t h i s spectrum can be d e r i v e d i n a s i m p l e way from the 
/*-aeson spectrum a t sea l e v e l i f a s s u m p t i o n s a r e made as to 
the mode o f p r o p a g a t i o n o f the components through the a t -
mosphere (Appendix 3 ) . P i n e e t a l , ( 1 9 5 9 ) , have shown 
t h a t t h e d i f f e r e n t i a l tT-meson energy spectrum a t p r o d u c t i o n 
can be r e p r e s e n t e d by 
P ( E ) = 0 . 1 5 6 E " 2 , 6 4 c m " 2 s e c " 1 s t ~ 1 (Ge?)"" 1 8.1 
over t h e j * . -meson energy range 10-200 GeV. 
I n t h i s c h a p t e r each measured p o i n t on the yu-meson 
s e a - l e v e l d i f f e r e n t i a l momentum spectrum has been c a r r i e d 
through the a n a l y s i s to g i v e the c o r r e s p o n d i n g p o i n t on 
the T-meson p r o d u c t i o n spectrum, which can then be compared 
w i t h o t h e r e s t i m a t e s of the p r o d u c t i o n spectrum d e r i v e d 
from o t h e r methods. 
The s l o p e of t h e d i f f e r e n t i a l spectrum of^A-raesons a t 
s e a - l e v e l and a t p r o d u c t i o n , and iT-mesons a t p r o d u c t i o n , 
a r e d e r i v e d and compared. 
U s i n g the l a t e s t spectrum of the p r i m a r y cosmic r a d i a -
t i o n , w h i c h i s now w e l l known, an e x p r e s s i o n has been 
d e r i v e d f o r the Tf-meson p r o d u c t i o n spectrum u s i n g the Fermi 
X 3 2 * 
model f o r the p r o d u c t i o n of IT^mesons, f o l l o w i n g an o r i g i n a l 
t r e a t m e n t which has been developed by the p r e s e n t a u t h o r . 
T h i s e x p r e s s i o n can thus be compared w i t h the d e r i v e d 
spectrum and used to study the p r o p e r t i e s of the p r i m a r y 
n u c l e a r i n t e r a c t i o n s under v a r i o u s a s s u m p t i o n s . 
8. 2 The tf^meson .ProJ.BCjy.^j^_Spe^^rum.. D e r i v e d from the 
Measured Data 
The use of a proposed lu-meson p r o d u c t i o n spectrum 
( w i t h one v a r i a b l e , the e x p o n e n t , / ) to d e r i v e a momentum 
spectrum a t s e a - l e v e l , i s a c o n v e n i e n t way to p r e s e n t the 
measured d a t a f o r the purpose of comparison and a p p l i c a -
t i o n of the v a r i o u s c o r r e c t i o n f a c t o r s ( e . g . f o r u n c e r -
t a i n t y i n t r a c k l o c a t i o n , e t c . ) . 
The v a r i o u s s t e p s i n the c a l c u l a t i o n of the y*-meson 
s e a - l e v e l comparison spectrum, o u t l i n e d i n Appendix 3, 
depend on c e r t a i n s i m p l i f y i n g a s s u m p t i o n s . I t has been 
shown by A l l e n and A p o s t o l a k i s , (1961) , t h a t t h e s e sim-
p l f y i n g a s s u m p t i o n s do not i n t r o d u c e a p p r e c i a b l e e r r o r s 
(i-5<&) i n t o the p r e d i c t e d s e a - l e v e l spectrum. The assump-
t i o n s have been a p p l i e d to the measured p o i n t s on the 
s e a - l e v e l /-meson spectrum which have been c a r r i e d through 
the a n a l y s i s , p o i n t by p o i n t , to d e r i v e the c o r r e s p o n d i n g 
TJ^meson p r o d u c t i o n spectrum. I t has been assumed t h a t a l l 
the ^-mesons a r e d e r i v e d from -fl^-mesons which a r e produced 
a t a unique h e i g h t . The yu-mesone however, on p r o d u c t i o n ; 
l o s e energy i n t h e i r p a t h to s e a - l e v e l . T h i s energy l o s s 
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w i l l v a r y w i t h energy as does t h e i r s u r v i v a l p r o b a b i l i t y , 
s i n c e a t lower e n e r g i e s a l a r g e f r a c t i o n w i l l decay. I t 
i s a l s o assumed t h a t the ff^mesons on decay, g i v e r i s e to 
^-mesons of unique e n e r g y . With t h e s e a s s u m p t i o n s , the 
"jT-meson produc t i on spectrum, d e r i v e d from the measured 
yU-meson s e a - l e v e l spectrum, i s shown i n f i g u r e 8.1. 
The measured p o i n t s a r e i n good agreement w i t h the 
proposed /-meson p r o d u c t i o n spectrum a t momenta above 
20 GeV/e. Below t h i s momentum, t h e r e i s good agreement 
w i t h the ff^-meson p r o d u c t i o n spectrum d e r i v e d from the 
G e i g e r c o u n t e r d a t a , Gardener e t a l , ( 1 9 6 2 ) . The c e l l 
width c o r r e c t i o n , i m p o r t a n t a t low e n e r g i e s , where the 
e n e r g y i n t e r v a l a t s e a - l e v e l c o r r e s p o n d s to a g r e a t e r 
i n t e r v a l a t t h e l e v e l of p r o d u c t i o n ^ i s n e g l i g i b l e h e r e . 
The It-meson p r o d u c t i o n spectrum a t low e n e r g i e s , has been 
d e r i v e d from the s e a - l e v e l G e i g e r c o u n t e r d a t a u s i n g a 
more a c c u r a t e model f o r /-meson p r o p a g a t i o n i n the atmos-
phere than t h a t assumed f o r the p r e s e n t w o r k . Thus the 
two models show no a p p r e c i a b l e d i f f e r e n c e i n the common 
energy range. 
A more a c c u r a t e model f o r Tf-meson p r o p a g a t i o n has 
a l s o been c o n s i d e r e d by A l l e n and A p o s t o l a k i s , ( l 9 6 l ) . 
These a u t h o r s f i n d t h a t t h e jf-meson i n t e n s i t y a t produc-
t i o n can be r e p r e s e n t e d by an e x p r e s s i o n of the form 
F(e) = Te t 8.2 
Differentia I TT-me 
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Figure 8*1 t The d i f f e r e n t i a l w-meson p r o d u c t i o n spectrum 
d e r i v e d front the sea-level r e s u l t s (where no 
errors are shown the radius of* the c i r c l e s gives 
the e r r o r s ) . 
where I Q ~ a-b l o g ^ I and / = c-d (1-b l o g ^ ^ E ) 
and E i s t h e Tf-meson energy i n GeV and t h e i n t e n s i t y i s 
— 2 — 1 — 1 —X i n u n i t s of cm" s e c s t (GeV)~ . 
The v a l u e s o f a, b, c, d deduced f r o m t h e p r e l i m i n a r y 
s e a - l e v e l spectrum u s i n g the f l a s h - t u b e s , Ashton e t a l , 
( 1 9 6 0 ) , were a - 0.425, b „ 0.125, c = 3.92, d = 0.944. 
I n o r d e r to a p p l y t h i s r e s u l t t o the p r e s e n t w o r k , t h e 
i n t e n s i t i e s d e r i v e d f r o m e q u a t i o n 8.2, u s i n g t h e s e v a l u e s , 
have been d e c r e a s e d by a f a c t o r by which the p r e d i c t e d 
^-meson spectrum o f t h e p r e s e n t work i s l e s s t h a n t h a t 
p r e d i c t e d i n the p r e l i m i n a r y work - the c o r r e c t i o n c a l c u -
l a t e d a t a p a r t i c u l a r /'-meson momentum and a p p l i e d t o t h e 
TT-meson spectrum a t the a p p r o p r i a t e ff^-meson momentum. I t 
i s e s t i m a t e d t h a t t h e if-meson p r o d u c t i o n spectrum f r o m t h e 
c o r r e c t e d e x p r e s s i o n o f A l l e n and A p o s t o l a k i s i s i n good 
agreement w i t h t h e p r e s e n t work o v e r t h e e n t i r e momentum 
range. 
The s l o p e s o f the v a r i o u s s p e c t r a a r e of p a r t i c u l a r 
i n t e r e s t . These have been c a l c u l a t e d a t t h e v a r i o u s s t a g e s 
o f p r o p a g a t i o n i n t h e atmosphere and a r e shown i n f i g u r e 
8.2. The s l o p e o f the d i f f e r e n t i a l /(-meson spectrum i s 
seen to i n c r e a s e r a p i d l y and tends to a c o n s t a n t v a l u e of -
3.64 a t e n e r g i e s ?10O0 GeV. The s l o p e of the/i -meson 
spectrum a t p r o d u c t i o n i s seen t o i n c r e a s e from a n e a r l y 
c o n s t a n t v a l u e o f -2.64 a t low e n e r g i e s t o a. s i m i l a r con-
s t a n t v a l u e of -3.64 a t h i g h e n e r g i e s , as i n the /W-meson 
- Gcigcr counters 
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spectrum. T h i s i s w e l l u n d e r s t o o d i n terms of the absence 
of a f r a c t i o n of ^ -mesons a t h i g h e n e r g i e s due to the 
i n t e r a c t i o n of t h e f f - m e s o n s b e f o r e they can decay. The 
c o n s t a n t v a l u e of -2.85 taken by Holmes e t a l , ( i g 6 l b ) , 
and Rodgers, (1957) , as the exponent of the /"-meson pro-
d u c t i o n spectrum g i v i n g b e s t f i t to t h e i r d a t a i s seen to 
be a good a p p r o x i m a t i o n over the range of energy where the 
g r e a t e s t weight i s a t t a c h e d to t h e i r d a t a , i . e . up to 100 
GeV. The b e s t s l o p e of the /T-meson p r o d u c t i o n spectrum 
d e r i v e d from the measured d a t a i s compared w i t h the b e s t 
f i t v a l u e of -2.64. There i s good agreement above 40 Ge? 
w i t h the assumed v a l u e of -2.64, which g i v e s the b e s t f i t 
over the /M-meson range 10.1 - 333 GeV/c, and which i s a 
good av e r a g e v a l u e f o r t h a t d e r i v e d by the method of Allen, 
e t a l . T h e i r v a l u e of Y however i s coupled to a n o t h e r 
v a r i a b l e , I , and the v a l u e of t shown i n f i g u r e 8.2 was 
d e r i v e d from the p r e l i m i n a r y d a t a as mentioned e a r l i e r . 
Gardener e t a l , (1962) , a l s o adopt a s i m i l a r r e p r e s e n t a -
t i o n . At lower energy, 10-40 GeV, the measured s l o p e of 
the ll^-meson p r o d u c t i o n spectrum seems to be s l i g h t l y i n 
e x c e s s of the assumed v a l u e of 2.64 a l t h o u g h the a b s o l u t e 
i n t e n s i t y i s i n good agreement w i t h t h a t d e r i v e d from the 
G e i g e r c o u n t e r d a t a a t s e a - l e v e l . The s l o p e i n t h i s r e -
g i o n i s , however, i n good agreement w i t h the v a l u e of 
o b t a i n e d by A l l en e t a l . 
136. 
I t i s t h e r e f o r e c o n c l u d e d t h a t t h e measured A-meson 
/ 
spectrum a t s e a - l e v e l i s i n good agreement w i t h i t h a v i n g 
a s o u r c e of It-mesons o n l y , and i n t e n s i t y a t p r o d u c t i o n 
g i v e n by 
F ( E ) - 0.16 & r ~ 2 * 6 4 c m " 2 s e c ~ 1 s t " 1 ( G e V ) " 1 8.2a 
f o r 10 IE I 1000 Ge¥, where E„- i s i n GeV, over the w h o l e 
range c o v e r e d by the p r e s e n t w o r k , and i n good agreement 
w i t h t h e fT^meson p r o d u c t i o n spectrum deduced by P i n e e t a l . 
I t i s r e l e v a n t h e r e t o compare the v a l u e of the expo-
n e n t of the d i f f e r e n t i a l "fCmeson p r o d u c t i o n spectrum w i t h 
the v a l u e s determined by o t h e r workers u s i n g d i f f e r e n t 
methods. The v a l u e o f the e x p o n e n t d e r i v e d by Puj imoto 
et a l , ( 1 9 5 9 ) , f o r n e u t r a l ^ m e s o n s , w i t h 2 0 0 ^ 1 ^ 1 0 0 0 
GeV, a t mountain a l t i t u d e s , i s -2.8 ± 0.2. The B r i s t o l 
group, Duthie e t a l , ( 1 9 6 1 ) , B o w l e r e t a l , ( 1 9 6 2 ) , a l s o 
f o r n e u t r a l f^mesons, f i n d an exponent of -3.3 f o r 400 
<E„ < 1500 GeV, and -3.8 f o r I > 1500 GeV, but c o n c l u d e 
t h a t a v a l u e -3.5 - 0.2 w o u l d c o v e r t h e w h o l e r a n g e o f 
t h e i r measurements. Thus the p r e s e n t work cannot be 
r e g a r d e d as b e i n g i n c o n s i s t e n t w i t h t h e s e r e s u l t s s i n c e 
t h e y r e f e r t o h i g h e r e n e r g i e s . 
The t h e o r e t i c a l d e r i v a t i o n o f an e x p r e s s i o n f o r P ( l ) 
w i l l now be c o n s i d e r e d . 
6 • 3 The T h e o r e t i c a l Tf^meson P r o d u c t i o n S pectrum 
I n e x p r e s s i o n f o r t h e ir^-meson p r o d u c t i o n s p e c t r u m 
may be d e r i v e d t h e o r e t i c a l l y i f c e r t a i n s i m p l i f y i n g assump-
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t i o n s a r e made, c o n c e r n i n g t h e n a t u r e o f the i n t e r a c t i o n s 
o f t h e p r i m a r y p a r t i c l e s w h i c h g i v e r i s e t o t h e tr^mesons. 
I t i s assumed t h a t t h e d i f f e r e n t i a l s p e c t r u m o f p r i -
mary p a r t i c l e s can be r e p r e s e n t e d by 
N(E ) * A E " S 8.3 
P P 
The v a l u e s o f A and s have been t a k e n f r o m t h e spectrum 
g i v e n by R o s s i , (196O), ( 1 9 6 2 ) , 
N(?E ) * 2.5 E ~ 1 , 6 c m ~ 2 s e c ~ 1 s t " 1 8.4 
P P 
or H(E ) ~ 4.0 E ~ 2 * 6 c m ~ 2 s e c ~ 1 s t " 1 ( G e V ) ~ 1 8.5 
P P 
f o r 5 . l O 1 1 ^ E ^ 1 . 5 . l O 1 ^ eV, w h i c h c o r r e s p o n d s to the 
approximate l i m i t s of ^ - meson energy, ( 5-500 GeV) , c o v e r e d 
by the p r e s e n t work, and f u r t h e r c o n s i d e r e d i n s e c t i o n 
8.5. 
The number of p a r t i c l e s produced i n the i n t e r a c t i o n 
of a p r i m a r y p a r t i c l e , h e n c e f o r w a r d assumed t o be a p r o t o n , 
has been measured as a f u n c t i o n of t h e p r i m a r y p a r t i c l e 
energy by many w o r k e r s . P e r k i n s , (1960) and S i t t e , ( l 9 6 l ) , 
have summarised the r e s u l t s . The measured r a t i o of charged 
tr-mesons t o uncharged TT-mesons i s not i n c o n s i s t e n t w i t h the 
p r i n c i p l e of c h a r g e i n d e p e n d e n c e . The numbers of charged 
mesons produced i n an i n t e r a c t i o n i n c r e a s e s s l o w l y w i t h 
energy. I t has been shown by o t h e r w o r k e r s t h a t i n a 
c o l l i s i o n j t h e p r i m a r y p a r t i c l e c o l l i d e s w i t h o n l y one 
t a r g e t n u c l e o n i n t h e t a r g e t n u c l e u s a t t h e p r i m a r y e n e r g i e s 
c o v e r e d by t h e p r e s e n t work. L a r g e f l u c t u a t i o n s a r e p o s s i b l e 
i n the numbers o f f-Hesons p r o d u c e d f o r a g i v e n p r i m a r y 
1 3 8 . 
e n e r g y , f i g u r e 8 . 3 ( a f t e r P e r k i n s , ( L 9 6 O ) ) . However t h e 
mean m u l t i p l i c i t y , n (E ) i n c r e a s e s o n l y s l o w l y w i t h 
s p 
p r i m a r y e n e r g y . O b s e r v a t i o n s of t h e m u l t i p l i c i t y f r o m 
e t a l 
i n t e r a c t i o n s i n l i g h t t a r g e t m a t e r i a l s , F r e t t e i / , ( I 9 6 O , 
1960a), i n d i c a t e l o w e r m u l t i p l i c i t y t h a n f r o m i n t e r a c t i o n s 
i n h e avy e l e m e n t s . A l s o , t h e m u l t i p l i c i t y a t low p r i m a r y 
e n e r g i e s , such as i s o b t a i n e d i n t h e beams of p r o t o n s y n -
c h r o t r o n s , i n d i c a t e s low m u l t i p l i c i t i e s . 
S e v e r a l models o f meson p r o d u c t i o n have been p r o p o s e d . 
Over t h e r a n g e of p r i m a r y e n e r g i e s c o n s i d e r e d i n the p r e s e n t 
w o r k , t h e F e r m i model of meson p r o d u c t i o n has been a p p l i e d 
w i t h c o n s i d e r a b l e s u c c e s s t o many p r o b l e m s . Thus i n t h e 
p r e s e n t r a n g e , t h e number o f c h a r g e d mesons n ( E ) w i l l be 
assumed t o be g i v e n by 
1 
njEf) r $ E | / * (Cp in G e v ) 8.6 
The t o t a l number of II-mesons p r o d u c e d i s 
where E r 4.5 and qL~ T h i s e x p r e s s i o n i s shown i n f i g u r e 
8 . 3 . The v a l u e o f B i s r e a l i s t i c a t t h e p r i m a r y e n e r g i e s 
c o n s i d e r e d a l t h o u g h a t l o w e r e n e r g i e s a s m a l l e r v a l u e i s 
i n d i c a t e d . I f any m a j o r d i f f e r e n c e s a r e i n d i c a t e d b e t w e e n 
t h e p r e d i c t e d and measured TCmeson p r o d u c t i o n s p e c t r a , 
t h e n t h e d i f f e r e n c e s can be i n v e s t i g a t e d by t h e r e l a x a t i o n 
o f t h e v a l u e s o f B and ^ . 
W i t h t h e s e two b a s i c a s s u m p t i o n s , t h e p r o d u c t i o n of 
200 
2 8 50 200 800 500 2.10 ] | E 2 . 1 0 6 GeV 
B=i4.5 
T h e distribution of multiplicity, n,, as a function of the primary 
energy in the C M system, y c . T h e primary energy in the laboratory fr.ime is 
approximately 2y r* G e V nucleon. T h e data are taken from Table V . 
0 proton primaries, interactions in emulsion. 
O a-primaries, interactions in emulsion. 
• proton primaries, interactions in brass sheets. 
• a-primaries, interactions in brass sheets. 
( K A P L O N and R I T S O N [ 1 9 5 2 ] . ) 
X Secondary jets (Bristol events only). 
F i g u r e 8.3 : The measured m u l t i p l i c i t i e s ( a f t e r 
P e r k i n s , ( 1 9 6 0 ) ) 
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TT-iaesons can be c o n s i d e r e d i n v a r i o u s a p p r o x i m a t i o n s . 
F i r s t l y , t h e 'dnesons can be c o n s i d e r e d as b e i n g p r o d u c e d 
w i t h e q u a l e n e r g i e s i n the L - s y s t e m , and s e c o n d l y w i t h 
e q u a l e n e r g i e s i n the C-system. The v a r i a t i o n s on t h e s e 
two models a r e c o n s i d e r e d i n A p p e n d i x 6, A6.1-3. 
1 1 i s c o n c l u d e d t h a t t h e f f - i i e s o n p r o d u c t i o n s p e c t r u m 
i n the L - s y s t e m can be e x p r e s s e d by 
2.„s fi±sLzL\ 
ft) 6'"* k £ "* . I 8 . 8 ' 
4 
where I = +1 f o r an i s o t r o p i c d i s t r i b u t i o n of TT-mesons 
i n t h e C-system and I ~ 21 f o r a f o r w a r d - b a c k w a r d ( f - b ) 
peaked d i s t r i b u t i o n of TPmesons i n t h e C-system. 
So f a r i t has been assumed t h a t t h e p r i m a r y p a r t i c l e 
makes o n l y one c o l l i s i o n . The f a c t o r k, t h e l o s s f a c t o r , 
i s t h e t o t a l f r a c t i o n of t h e p r i m a r y e n e r g y a v a i l a b l e f o r 
if-meson p r o d u c t i o n and f o r a s i n g l e c o l l i s i o n c o r r e s p o n d s 
t o t h e Tflmeson i n e l a s t i c i t y , K^ ,. Comparison of t h e meas-
u r e d i n t e r a c t i o n and a b s o r p t i o n l e n g t h s of p r o t o n s , i n d i -
c a t e s t h a t on t h e a v e r a g e t h e y make a b o u t two e n e r g e t i c 
c o l l i s i o n s b e f o r e t h e y l o s e most o f t h e i r e n e r g y . The 
e f f e c t o f more t h a n one c o l l i s i o n p e r p r i m a r y p r o t o n i s 
c o n s i d e r e d i n A p p e n d i x 6 a l s o ( s e c t i o n A6.4). The t h e o r e t -
i c a l "fT-meson i n t e n s i t y a t p r o d u c t i o n i s seen t o be r e d u c e d . 
T h i s i s a c c o u n t e d f o r by r e m e m b e r i n g t h a t a p r o t o n u n d e r -
g o i n g more t h a n one c o l l i s i o n w i l l p r o d u c e f e w e r iT-mesons 
i n each c o l l i s i o n t h a n i n one c o l l i s i o n i n w h i c h a l l t h e 
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a v a i l a b l e p r i m a r y e n e r g y i s d i s s i p a t e d as ^mesons and 
t h e mean energy w i l l c o n s e q u e n t l y be l o w e r . The r e s u l -
t a n t i n t e n s i t y o f fT-mesons a t p r o d u c t i o n due t o more than 
one c o l l i s i o n o f t h e p r i m a r y p r o t o n i s g i v e n by 
F fa) - fM«) * + F3 (^) 8 • 9 
= 0 (f-lffti (fir) 8.10 
E q u a t i o n 8.10 i s c o n s i s t e n t w i t h the measured r e s u l t t h a t 
the i n t e r a c t i o n l e n g t h (~70 gm.cm ) i s about h a l f the 
a b s o r p t i o n l e n g t h (~/120 gm. c m " 2 ) . The comparison w i t h 
the measured II -meson p r o d u c t i o n spectrum w i l l now be con-
s i d e r e d . 
8.4 The Comparison o f t h e T h e o r e t i c a l and. Measured IP-
meson P r o d u c t i o n S p e c t r a 
The TCmeson p r o d u c t i o n spectrum, e q u a t i o n 8.2a, can 
be compared, w i t h the t h e o r e t i c a l one deduced under the 
v a r i o u s s i m p l i f y i n g a s s u m p t i o n s of the p r e v i o u s s e c t i o n . 
The exponent o f t h e energy term i n t h e t h e o r e t i c a l 
p r o d u c t i o n spectrum of e q u a t i o n 8 . 8 i s o f p a r t i c u l a r 
i n 
i n t e r e s t / t h a t i t i n v o l v e s o n l y two v a r i a b l e s , cxf and s. 
E q u a t i n g the t h e o r e t i c a l e x p o n e n t t o t h e measured v a l u e 
of -2.64, then 
- 2 - ^ - ,.,< 8 - 1 1 
I f s •= 2.6 ( e q u a t i o n 8 . 5 ) , t h e n c < •= 0.06. A l t e r n a t i v e l y 
1 4 1 . 
i f 0.25 ( e q u a t i o n 8 . 6 ) , t h e n s =.2.48. Thus t h e r e 
i s an i n d i c a t i o n t h a t s m a l l e r v a l u e s o f cK and s t h a n 
t h o s e assumed, w h i l e s t i l l s a t i s f y i n g e q u a t i o n 8 . 1 1 , 
m i g h t be i n d i c a t e d f r o m t h e p r e s e n t work. T h i s i s q u i t e 
p o s s i b l e s i n c e o t h e r meson t h e o r i e s , such as t h e 
H e i s e n b e r g t h e o r y , w o u l d p r e d i c t s m a l l e r v a l u e s o f ar. A l s o 
t h e p r e s e n t work i s w e i g h t e d t o s m a l l e r v a l u e s o f s t h a n 
t h e mean v a l u e assumed, because o f t h e f o r m o f t h e sea-
l e v e l /U-iaeson s p e c t r u m . However, f o r t h e p r e s e n t c o m p a r i -
s o n , t h e v a l u e s o f s «• 2.6 and c< based on t h e F e r m i model 
f o r 1T-meson p r o d u c t i o n , w i l l be used and t h i s l e a d s t o a 
v a l u e o f -2.80 f o r t h e e x p o n e n t o f t h e rH-meson p r o d u c t i o n 
s p e c t r u m w h i c h can h a r d l y be r e g a r d e d as b e i n g i n d i s a g r e e -
ment w i t h t h e e x p e r i m e n t a l r e s u l t . 
The c o n s t a n t f a c t o r , 0.16, i n t h e measured f^meson 
p r o d u c t i o n s p e c t r u m can be compared w i t h t h e p r e d i c t e d 
v a l u e . T h i s has been done i n t a b l e 8.1 f o r <=•< - 0. 25 , s -
2.6 and B - 4.5, and a l s o f o r two o t h e r v a l u e s o f B i n 
o r d e r t o i n v e s t i g a t e t h e dependence o f t h e Tlmeson p r o d u c -
t i o n s p e c t r u m on t h e m u l t i p l i c i t y . From t h e c o m p a r i s o n , 
t h e v a l u e o f t h e t o t a l f r a c t i o n o f e n e r g y a v a i l a b l e f o r 
C meson p r o d u c t i o n , k f l, has been d e r i v e d u s i n g t h e m u l t i p l e 
c o l l i s i o n model f o r each o f t h e t h r e e v a l u e s d e r i v e d f o r 
t h e i n t e g r a l , I , ( f o r B = 6 ) and f o r t h e i s o t r o p i c and f - b 
d i s t r i b u t i o n s f o r B - 4.5 and B a 3. 
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T a b l e 8.1 s Comparison o f the t h e o r e t i c a l and measured 
c o e f f i c i e n t s i n _ the "if-m.eson p r o d u c t i o n 
spectrum. 
V a r i a b l e s ^ - 0 . 2 5 s - 2.6 
M u l t i p l e c o l l i s i o n s 
E r. 6 : k , 1 ' 8 . 0.86 x 0.435 = 0.16 
IS 
k 
I k^, l o s s f a c t o r 1^- the i n e l a s t i c i t y 
1 0.62 0.31 
1.24 0.55 0.28 
1.74 0.46 0.23 
B = 4 . 5 : k - 1 , 8 . 1.07 x 0.435 - 0.16 
k 
I k ^ - ~, the i n e l a s t i c i t y 
1.24 0.49 0.25 
1.74 0.40 0.20 
B - 3 s k 1 * 8 . 1.48 x 0.435 = 0.16 
I k K = _JL, the i n e l a s t i c i t y 
" ^ 2 
1.24 0.41 0.21 
1.74 0.34 0.17 
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I t can be seen t h a t k , and t h e r e f o r e the i n e l a s t i -
c i t y " — , i n c r e a s e s as t h e m u l t i p l i c i t y c o e f f i c i e n t , 
B, i n c r e a s e s . The d i r e c t i o n of e m i s s i o n of T-mesons i n 
the C-system, as d e s c r i b e d by the i n t e g r a l I , has been 
shown by o t h e r a u t h o r s to be r e l a t e d to the energy of the 
p r i m a r y p a r t i c l e ; t h u s as the p r i m a r y energy i n c r e a s e s 
and the e m i s s i o n of T-mesons becomes more peaked i n the 
f-b d i r e c t i o n i n the C-system, t h e i n e l a s t i c i t y , K , as 
tr 
d e r i v e d i n t a b l e 8.1, i s seen to d e c r e a s e . 
The v a l u e s of i n e l a s t i c i t y , K^, d e r i v e d from the 
p r e s e n t work a r e compared w i t h v a l u e s o b t a i n e d u s i n g more 
d i r e c t methods i n f i g u r e 8 . 4 . The l i m i t s of the v a l u e s 
o f i n e l a s t i c i t y a r e shown f o r the c a s e s B 6 and B c 3 
a t t h e l i m i t s of p r i m a r y e n e r g y , E^, c o r r e s p o n d i n g to the 
p r e s e n t work ( s e c t i o n 8 . 5 ) . Remembering the energy de-
pendence of the e m i s s i o n assymmetry of T ^ i e s o n s , then i t 
i s deduced t h a t t h e shaded p o r t i o n s of the l i m i t s i n d i c a t e d 
w i l l be the v a l u e s most l i k e l y to occur i n t h e i n t e r a c -
t i o n s . Thus K T f a l l s from about 0.28 a t ~/ 5 x 1 0 ^ eV 
(B = 6) to about 0.17 a t . - l .5 x 1 0 1 4 eV (B = 3 ) . The 
lower v a l u e of K ^  i s i n good agreement w i t h the measured 
v a l u e s r e v i e w e d by P e r k i n s above p r i m a r y e n e r g i e s of 
12 
2 x 10 eV, but a t l o w e r p r i m a r y e n e r g i e s t h e r e a p p e a r s 
t o be a d i f f e r e n c e . Most of t h e measured v a l u e s of K;T-
i n t h i s r e g i o n r e f e r t o "-meson-nucleon c o l l i s i o n s where 
a s e l e c t i o n c r i t e r i o n which b i a s s e s t h e v a l u e of Kg~ta 
ISOTROPIC P-B 
PRIMARY ENERGY (OeV/NOCLEONj - » 
ISOTROPIC 
The estimated values of the fraction of the total available energy 
which is radiated as pions, A'„, as a function of yc, and the primary energv. 
The estimate of A'„ was in most cases based on the measurement of the angu-
lar distribution of the shower particles, in jets produced by primary protons 
(#), primary i-particles (0). by secondary charged particles ( • ) and I n 
secondary neutral particles (•). Estimates based on measurement^of th' 
associated soft component are shown thus: A< The vertical dotted lines 
indicate where A'„ has been calculated by Ixith methods. The points w i t h 
letters attached indicate events in which it was possible to carrv out a rather 
complete analysis, and for which the errors in A'„. are believed to be small 
S — Chicago S-star (2 - lap) (S( HI I N ft al. . 19.VH 
1' — Bristol P20 (0 • 4pi (KDWAHDS et al. ;i'.»5Sl) 
M — Minnesota event (14- 6n (I-<>WI.I:K et al [I95T]) 
C — Warsaw event (0 -r- 14x1 (CMK <•.' al. [ I !'"i7]). 
The diagonal broken line on the left-hand side of the diagram indicates the 
rough limits on K w imposed by the selection criterion that n, ^  4 I-'< ; 
further details, see text, ( a f t e r PerkinB. 
(1960)) 
Daniel et a l , (1960) 
• Bogachev et a l , (1960) 
* F r e t t e r et 81^(1960) 
A Grigorov et 8^(1958) 
The l i m i t s derived from the present model 
F i p u r e 8.U 1 The Comparison of the l i m i t s of the 
derived i n e l a s t i c i t y f o r the present 
model with the values obtained Toy other 
workers using more d i r e c t methods. 
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h i g h e r v a l u e s . O t h e r v a l u e s o f i n e l a s t i c i t y have been 
added t o P e r k i n s ' r e v i e w and t h e r e i s good a g r e e m e n t , i n 
p a r t i c u l a r , w i t h the i n e l a s t i c i t y v a l u e deduced by F r e t t e r 
e t a l , ( 1 9 6 0 ) , f o r i n t e r a c t i o n s of h i g h e n e r g y p r i m a r i e s 
i n c arbon. B e a r i n g i n mind t h e a p p r o x i m a t i o n of s, and 
hence A, over the l a r g e energy r a n g e , then t h e r e i s good 
agreement over t h e whole energy r a n g e of the p r e s e n t 
w o r k . I t i s t h e r e f o r e concluded t h a t the b e s t e s t i m a t e 
of the i n e l a s t i c i t y , K^ _, f a l l s from 0.25 a t ** 5 x 1 0 1 1 eV 
t o 0.20 a t " 1 . 5 x 1 0 1 4 eV f o r B * 4.5. 
8•5 The R e l a t i o n Between t h e Average yU-aeson S e a - L e v e l 
The b e s t e s t i m a t e o f t h e i n e l a s t i c i t y o b t a i n e d i n the 
p r e v i o u s s e c t i o n can be used to c a l c u l a t e the r e l a t i o n 
between the a v e r a g e ^ - m e s o n energy a t s e a - l e v e l and the 
a v e r a g e e n e r g y of t h e p r i m a r y p a r t i c l e w h i c h produced i t . 
S i n c e a t the h i g h p r i m a r y e n e r g i e s c o v e r e d by the p r e s e n t 
work, t h e r e wi 13. be a g r e a t e r tendency f o r ^/i-meson e m i s s i o n 
i n the forward-backward d i r e c t i o n , a v a l u e f o r the i n e l a s -
t i c i t y , K 0.20, w i l l be assumed. I f i t i s f u r t h e r 
assumed t h a t the -fT-me sons produced i n the i n t e r a c t i o n and 
e m i t t e d i n the f o r w a r d d i r e c t i o n i n the C-system c a r r y 
away most of the energy then 





where E.r i s t h e mean e n e r g y o f t h e e m i t t e d Tf-mesons, and 
t h e p r i m a r y energy, b o t h i n t h e L - s y s t e m . Prom e q u a t i o n 
8.7 and 8.12 / a » J _ _ L _ 
U s i n g t h e v a l u e - 0.20 f o r B n 4.5 and 0.25 and 
a l s o t h e r e l a t i o n b etween t h e averagey*»-meson e n e r g y p r o -
duced f r o m aTf-meson o f e n e r g y t h e n 
4 ' s 
~ H lE^ + E-ij 8.13 
where E^ , i s t h e s e a - l e v e l y^-raeson e n e r g y and E^ i t s i o n i -
s a t i o n l o s s i n t h e a t m o s p h e r e . Hence a 5 GeVyw-meson a t 
s e a - l e v e l i s p r o d u c e d f r o m a p r i m a r y h a v i n g e n e r g y ~ 5 x 
11 
10 eV, and a 500 GeV y*-meson f r o m a p r i m a r y h a v i n g 
e n e r g y ~1.5 x 1 0 ^ eV. 
8•6 C o n c l u s i o n s 
The method by w h i c h t h e Tf^meson p r o d u c t i o n s p e c t r u m 
i s d e r i v e d i s w e l l u n d e r s t o o d . Of t h e p a r a m e t e r s i n v o l v e d 
i n t h e c o n s t r u c t i o n o f a model f o r meson p r o d u c t i o n , t h e r e 
a r e many w h i c h a r e n o t w e l l known. I t i s known t h a t t h e r e 
a r e l a r g e f l u c t u a t i o n s i n t h e f r a c t i o n o f t h e p r i m a r y 
e n e r g y d i s s i p a t e d i n t h e p r o d u c t i o n o f mesons i n h i g h 
e n e r g y i n t e r a c t i o n s . The F e r m i model f o r meson p r o d u c t i o n 
assumed i n t h e p r e s e n t w o r k , a l t h o u g h n o t a l l o w i n g f o r t h e 
l a r g e f l u c t u a t i o n s i n v o l v e d i n t h e numbers o f mesons p r o -
146. 
duced g i v e s a good r e p r e s e n t a t i o n o f t h e mean numbers o f 
mesons p r o d u c e d b u t however does n o t a l l o w f o r t h e de-
c r e a s e i n t h e i n e l a s t i c i t y . The H e i s e n b e r g model, however , 
a l l o w s f o r b o t h l a r g e f l u c t u a t i o n s and a. d e c r e a s e i n t h e 
i n e l a s t i c i t y , b u t w o u l d p r e d i c t t o o f e w mesons p r o d u c e d 
a t t h e h i g h e r p r i m a r y e n e r g i e s . 
Thus w i t h i n t h e f r a m e w o r k o f t h e a s s u m p t i o n s o f t h e 
p r e s e n t work and t h e v a l u e s assumed f o r t h e v a r i o u s 
p a r a m e t e r s , i t i s c o n c l u d e d t h a t the p r o c e s s of if-meson 
p r o d u c t i o n i s c o n s i s t e n t on the F e r m i model wi th t h e 
s e a - l e v e l measurements on cosmic r a y s and wi t h the v a r i o u s 
p a r a m e t e r s deduced by o t h e r a u t h o r s . 
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C h a p t e r 9 
The T h e o r e t i c a l Charge R a t i o o f /^-mesons a t S e a - L e v e l 
9 .1 I n t r o d u c t i o n 
The p o s i t i v e e x c e s s of/*-mesons a t s e a - l e v e l i s 
a s c r i b e d t o t h e c h a r g e exchange r e a c t i o n s o f t h e p r i m a r y 
p r o t o n s . 
A t t e m p t s have been made by s e v e r a l a u t h o r s t o d e r i v e 
t h e c h a r g e r a t i o o f ^ - m esons a t s e a - l e v e l . Of t h o s e a u t h o r s 
who have d e r i v e d t h e f o r m o f t h e v a r i a t i o n o f t h e c h a r g e 
r a t i o w i t h e n e r g y , t h e r e s u l t s o f T e i v i n , ( 1 9 5 5 ) , and C i n i 
and W a t a g h i n , ( 1 9 5 0 ) , have been most s u c c e s s f u l . They p r e -
d i c t e d t h a t t h e c h a r g e r a t i o w o u l d d e c r e a s e w i t h i n c r e a s i n g 
^ . - t e s o n e n e r g y b u t t h e a b s o l u t e v a l u e p r e d i c t e d was a l w a y s 
l o w e r and c e r t a i n l y i n d i s a g r e e m e n t w i t h t h e measured 
v a l u e s . These a u t h o r s t h e r e f o r e r e s o r t e d t o n o r m a l i s a t i o n 
i n t h e r e g i o n where t h e e x p e r i m e n t a l measurements were most 
a c c u r a t e . 
P i n e e t a l , (1959) , have c a r r i e d , o u t a s i m i l a r a n a l y s i s 
u s i n g t h e measured p o s i t i v e e x c e s s , t o s t u d y t h e p r i m a r y 
i n t e r a c t i o n s . They have e s t i m a t e d t h e e f f e c t i v e m u l t i p l i -
c i t y o f f-mesoas p r o d u c e d i n t h e p r i m a r y i n t e r a c t i o n s t o be 
1.8 f r o m p r o t o n s o f e n e r g y 600 GeV, w h i c h i s much l e s s t h a n 
t h a t p r e d i c t e d on t h e F e r m i model o f "f-meson p r o d u c t i o n . 
I t has been n o t e d i n f i g u r e 8.3 t h a t t h e number of c h a r g e d 
iT-mesons p r o d u c e d i n an i n t e r a c t i o n f l u c t u a t e s w i d e l y from 
one i n t e r a c t i o n t o a n o t h e r . Thus t h e v a l u e o f 1.8 f o u n d by 
148. 
P i n e e t a l i s a w e i g h t e d a v e r a g e v a l u e w h i c h i s r e p r e s e n -
t a t i v e o f t h e v a r i a b l e c o n d i t i o n s o f t h e p r i m a r y i n t e r a c -
t i o n s due t o t h e p o s s i b l e f l u c t u a t i o n s . Thus because o f 
t h e g r e a t e r f r e q u e n c y o f t h e l o w e r e n e r g y p r i m a r y p r o t o n s 
a g r e a t e r s t a t i s t i c a l w e i g h t w i l l be g i v e n t o t h o s e f l u c -
t u a t i o n s w h i c h r e s u l t i n f - m e s o n s b e i n g p r o d u c e d f r o m p r i -
m a r i e s whose e n e r g y i s l o w e r t h a n t h e a v e r a g e v a l u e f o r 
s uch a p r o c e s s . Prom e q u a t i o n A6.1 i t w i l l be seen t h a t 
t h i s c o r r e s p o n d s t o i n t e r a c t i o n s where n > ( E ^ ) i s l o w and 
K i s h i g h . 
An o r i g i n a l t r e a t m e n t o f t h e d e r i v a t i o n o f t h e p o s i -
t i v e - n e g a t i v e r a t i o has been d e v e l o p e d by t h e p r e s e n t 
a u t h o r . The t r a n s f e r e n c e o f t h e p o s i t i v e c h a r g e t o t h e 
"S-iaesons i n t h e p r i m a r y i n t e r a c t i o n s , and i t s d i l u t i o n by 
second and s u b s e q u e n t g e n e r a t i o n s o f T - a e s o a s , w i l l now 
be c o n s i d e r e d , w i t h r e g a r d t o t h e e f f e c t o f f l u c t u a t i o n s . 
F i n a l l y t h e e f f e c t o f f l u c t u a t i o n s on t h e f-meson p r o d u c -
t i o n s p e c t r u m w i l l be c o n s i d e r e d . 
9 • 2 The T h e o r e t i c a l P o s i t i v e - R e l a t i v e R a t i o o f i P a e s o n s . a t 
Produc t i o n 
At t h e p r i m a r y e n e r g i e s c o v e r e d by t h e p r e s e n t w o r k , 
t h e p r i m a r y i n t e r a c t i o n has been shown by s e v e r a l a u t h o r s 
t o be b e t w e e n t h e p r i m a r y p r o t o n and a. s i n g l e n u c l e o n i n 
t h e n u c l e u s . Thus t h e r e a c t i o n s w h i c h can t a k e p l a c e a r e 
149. 
c h a r g e e x c e s s 
P 4P n T ( E p ) 0 9.1 
•> p-fn •+1 9.2 
••» n-t-p « •4 1 9.3 
n*-n !t 4 2 9.4 
p+n ^ p+n tt 0 9.5 
•> n + n tt •r 1 9.6 
n+p »! 0 9.7 
p+p tt - 1 9.8 
The a v e r a g e p r i m a r y i n t e r a c t i o n t h u s l e a d s t o t h e 
t r a n s f e r e n c e o f c h a r g e o f aA-j t o t h e f i r s t g e n e r a t i o n o f 
c h a r g e d 1^-mesons p r o d u c e d . I f t h e r e a r e M Q c h a r g e d -fPmesons 
r 
p r o d u c e d , K o f w h i c h a r e p o s i t i v e and K q o f w h i c h a r e neg-
a t i v e t h e n t h e p o s i t i v e - n e g a t i v e r a t i o i n t h e p r i m a r y i n -
t e r a c t i o n i s H 
c 
n 
= lrtc - i 9.9 
The s e c o n d a r y p r o t o n s and n e u t r o n s w h i c h s t i l l have 
a p p r e c i a b l e e n e r g y w i l l n o t p r o d u c e a f u r t h e r c h a r g e 
e x c e s s o f ^ m e s o n s i n f u r t h e r i n t e r a c t i o n s s i n c e t h e 
p r o t o n s and n e u t r o n s o c c u r i n e q u a l numbers. Thus 
R t(U) = I J., 1-X.S, 9.10 
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I t i i a s been assumed t h a t a l l t h e p r i m a r i e s a r e 
p r o t o n s . I n f a c t a l a r g e p r o p o r t i o n , a b o u t 10'*: o f t h e 
p r i m a r y r a d i a t i o n ^ i s composed o f H e l i u m n u c l e i . S i n c e 
t h e s e have e q u a l numbers o f n e u t r o n s and p r o t o n s t h e y 
w i l l n o t c o n t r i b u t e t o t h e p o s i t i v e e x c e s s . The p r o p o r -
t i o n o f n e u t r a l p r i m a r y r a d i a t i o n i s n e g l i g i b l e , B o w l e r 
e t a l , ( 1 9 6 2 ) , K r eushaar e t a l , (1962). 
The s e c o n d a r y p r o t o n s and n e u t r o n s w i l l have t h e 
e f f e c t o f d i l u t i n g t h e p o s i t i v e e xcess o f f i r s t g e n e r a t i o n 
•f-mesons when t h e y p r o d u c e f u r t h e r Tf-aesons. At l o w p r i -
mary e n e r g i e s where t h e m u l t i p l i c i t y o f Jpaesons p r o d u c e d 
i s l o w e r , t h e e f f e c t ofyu-meson decay w i l l p r e v e n t some 
o f t h e f i r s t g e n e r a t i o n ^i-mesQns f r o m r e a c h i n g s e a - l e v e l 
and t h e e f f e c t o f t h e second g e n e r a t i o n fT-aesons p r o d u c e d 
n e a r e r s e a - l e v e l w i l l be i n c r e a s e d . A t h i g h e n e r g i e s , 
t h e s e c o n d and h i g h e r g e n e r a t i o n f ^ a e s o n s , w h i c h a r e p r o -
duced l o w e r i n t h e a t m o s p h e r e w i l l i n t e r a c t r a t h e r t h a n 
decay because o f t h e g r e a t e r d e n s i t y o f m a t t e r i n t h e 
r e g i o n where t h e y a r e p r o d u c e d and t h e i r d i l u t i n g e f f e c t 
on t h e p o s i t i v e e x c e s s o f f i r s t g e n e r a t i o n 7^-mesons w i l l 
be d e c r e a s e d . 
The e f f e c t o f f l u c t u a t i o n s i n t h e numbers o f i^-mesons 
p r o d u c e d i s c o n s i d e r e d i n A p p e n d i x 7 u s i n g t h e measured 
d i s t r i b u t i o n o f m u l t i p l i c i t i e s o f f i g u r e 8.3. Thus t h e 
c h a r g e d (T-mesons p r o d u c e d i n an i n t e r a c t i o n w i t h a v e r a g e 
e n e r g y i n t h e i n t e r v a l dE^ a t E^. w i l l have maximum and 
1 5 1 . 
minimum m u l t i p l i c i t i e s r e s p e c t i v e l y , g i v e n by A7.9 , and 
17.10, 
" 2£'6 9.11 
c;,W " ^ 9.12 
The m u l t i p l i c i t y s p e c t r u m o f c h a r g e d Tpmesons i s d e r i v e d 
f r o m e q u a t i o n A7.15, 
*1 A £ -5' 9.13 
E q u a t i o n 9.13 shows t h e m u l t i p l i c i t y dependence on t h e 
s p e c t r u m o f t h e p r i m a r y p a r t i c l e s d i s c u s s e d i n s e c t i o n 
9 . 1 . 
The p o s i t i v e - n e g a t i v e r a t i o o f fP-mesons w i l l t h e n be 
g i v e n by e q u a t i o n 17.16. 
The t h e o r e t i c a l p o s i t i v e - n e g a t i v e r a t i o ofyw-mesons, 
d e r i v e d f r o m e q u a t i o n A7.16, w i l l now be c o n s i d e r e d and 
compared w i t h t h e measured p o s i t i v e - n e g a t i v e r a t i o . 
9• 3 The C o m p a r i s o n of, the, T h e o r e t i c a l , and E x p e r i m e n t a l 
Pp s i t i v e - l e g a t i v e R a t i o s o f ^ - a e s o p s , a t S e a - L e v e l . 
The d e r i v a t i o n o f t h e /•-meson p o s i t i v e - n e g a t i v e r a t i o 
f r o m e q u a t i o n A7.16 i n v o l v e s t h e c o r r e c t i o n o f each o f t h e 
152. 
t e r m s i n t h e e q u a t i o n A7.17 f o r t h e e f f e c t o f ^ - a e s o n 
decay and fp-raeson i n t e r a c t i o n . The e f f e c t o f each o f t h e s e 
phenomena on t h e s e a - l e v e l p o s i t i v e - n e g a t i v e r a t i o was 
c o n s i d e r e d i n s e c t i o n 9.2 i n a q u a l i t a t i v e manner. I f t h e 
f i r s t g e n e r a t i o n iT-mesons a r e c o n s i d e r e d t o be p r o d u c e d 
-2 
a t an a t m o s p h e r i c d e p t h o f 70 gia. cm , t h e second g e n e r a -
-2 
t i o n tCmesons a t 140 gin. cm e t c . t h e n t h e c o r r e c t i o n s t o 
"be a p p l i e d t o each o f t h e t e r m s i n e q u a t i o n A7.16 w i l l he 
d i f f e r e n t f o r each g e n e r a t i o n and T-meaon e n e r g y . A 
f u r t h e r more a c c u r a t e e v a l u a t i o n o f t h e p o s i t i v e - n e g a t i v e 
r a t i o i v o u l d be o b t a i n e d by r e l a x a t i o n o f t h e u n i q u e l e v e l s 
o f p r o d u c t i o n and s u b s t i t u t i o n o f i n c r e m e n t a l p r o d u c t i o n 
l e v e l s . 
However, fox* t h e p u r p o s e s o f c o m p a r i s o n o f t h e t h e o -
r e t i c a l and e x p e r i m e n t a l v a l u e s o f t h e p o s i t i v e - n e g a t i v e 
r a t i o , i t i s c o n s i d e r e d s u f f i c i e n t t o a s c r i b e l i m i t s t o 
t h e t h e o r e t i c a l v a l u e s o f t h e p o s i t i v e - n e g a t i v e r a t i o , 
b e cause o f t h e l a r g e e r r o r s i n v o l v e d , e s p e c i a l l y a t t h e 
h i g h e r yit-m.es on e n e r g i e s o f t h e e x p e r i m e n t a l w o r k . 
At h i g h e n e r g i e s where t h e p r o b a b i l i t y o f -fT-meson 
i n t e r a c t i o n i s b e c o m i n g i n c r e a s i n g l y i m p o r t a n t , t h e u p p e r 
l i m i t b f t h e t h e o r e t i c a l p o s i t i v e - n e g a t i v e r a t i o can be 
f o u n d by t h e e f f e c t o f t h e f i r s t g e n e r a t i o n ff^mesons o n l y , 
s i n c e T-mesons p r o d u c e d l o w i n t h e a t m o s p h e r e w i l l have a 
h i g h p r o b a b i l i t y o f r e m o v a l by i n t e r a c t i o n . Thus t h e 
u p p e r l i m i t i s g i v e n by 
153. 
«,fer) -
The TT-meson e n e r g i e s have been c o n v e r t e d to y t-aeson 
e n e r g i e s a s s u m i n g each /*-neson to have C.76 t h e e n e r g y of 
i t s p a r e n t TP-meson and t o have an e n e r g y l o s s from a 
— ? 
h e i g h t of 100 gm.cm ~ t o s e a - l e v e l , w h i c h i s g i v e n by t h e 
v a l u e c a l c u l a t e d by S t e r n h e i m e r , ( 1 9 5 9 ) , f i g u r e A 5 . 1 , A3.2. 
fh e y * - i a e s o n p o s i t i v e - n e g a t i v e r a t i o , , c a l c u l a t e d 
from e q u a t i o n 9.14 w i t h t h e s e a s s u m p t i o n s , i s shown i n 
f i g u r e 9 . 1 . A l s o shown i s R^(M ) , . t h e p o s i t i v e - n e g a t i v e 
r a t i o d e r i v e d f r o a e q u a t i o n s A7.11 and 9.9, w h i c h n e g l e c t 
t h e e f f e c t o f f l u c t u a t i o n s i n t h e m u l t i p l i c i t y of fPmesons 
p r o d u c e d i n i n t e r a c t i o n s . 
A t t h e l o w e r e n e r g i e s of t h e p r e s e n t work t h e p o s i t i v e -
n e g a t i v e r a t i o o f t h e f i r s t g e n e r a t i o n o f TT-mesons i s 
d i l u t e d by t h e p r o d u c t i o n o f e q u a l numbers of p o s i t i v e and 
n e g a t i v e T-mesons n e a r e r s e a - l e v e l . Thus t h e p o s i t i v e 
n e g a t i v e r a t i o , R2;? c a l c u l a t e d f r o m e q u a t i o n kl,17 w i l l be 
a b e t t e r e s t i m a t e a t lower "jf-meson e n e r g i e s . 
I n t h e r a n g e o f ytv-raeson e n e r g i e s c o v e r e d by t h e ex-
p e r i m e n t a l r e s u l t s on t h e p o s i t i v e - n e g a t i v e r a t i o , 5-
250 GeY, t h e r e w i l l be a t r a n s i t i o n f r o m t h e t h e o r e t i c a l 
v a l u e g i v e n by S^ _t a t l o w e n e r g y (^5 GeY) to t h e v a l u e 
g i v e n by R( a t h i g h e n e r g y (^250 GeY), shown by t h e 
Best e s t i m a t e o f t h e 
t h e o r e t i c a l v a l u e 
K 
20 50 
//-meson e n e r g y 
F i g u r e 9.1 , The C o m p a r i s o n o f t h e meesured r e t i e w i t h 
t h e t e s t t h e o r e t i c a l e s t i m a t e . 
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d o t t e d l i n e i n f i g u r e 9.1» w h i c h i s c o n s i d e r e d t o be t h e 
b e s t e s t i m a t e o f t h e r a t i o . At s t i l l l o w e r e n e r g i e s t h e 
p o s i t i v e - n e g a t i v e r a t i o f a l l s a f t e r p a s s i n g t h r o u g h a 
maximum v a l u e a t a b o u t 4 GeV, due t o t h e i n c r e a s i n g e f f e c t 
o f p.-e decay. 
The measured v a l u e s o f t h e p o s i t i v e - n e g a t i v e r a t i o 
a r e a l s o shown i n f i g u r e 9.1 where t h e y can be compared 
w i t h t h e b e s t e s t i m a t e of t h e p o s i t i v e - n e g a t i v e r a t i o 
f r o m t h e t h e o r e t i c a l w o r k . I n t h e l o w e n e r g y r e g i o n , 
5-10 GeV, where t h e measured d a t a have g r e a t e s t s t a t i s t i -
c a l a c c u r a c y , t h e s e i s good agreement w i t h t h e a b s o l u t e 
v a l u e o f t h e p o s i t i v e - n e g a t i v e r a t i o f r o m t h e t h e o r e t i c a l 
w o r k . Above 10 GeY, where t h e measured M-meson p o s i t i v e -
n e g a t i v e r a t i o b e g i n s t o i n c r e a s e a g a i n , t h e r e i s an 
i n c r e a s i n g d i v e r g e n c e b e t w e e n t h e measured and p r e d i c t e d 
v a l u e s , a l t h o u g h t h e measured d a t a a t t h e h i g h e s t e n e r g y i s 
n o t s i g n i f i c a n t l y d i f f e r e n t f r o m t h e p r e d i c t e d v a l u e , due 
t o i t s l a r g e s t a t i s t i c a l e r r o r . 
There i s t h u s a s i g n i f i c a n t d i f f e r e n c e b e t w e e n t h e 
measured p o s i t i v e - n e g a t i v e r a t i o of /(-mesons a t s e a - l e v e l 
above 10 Ge? and t h e v a l u e p r e d i c t e d a s s u m i n g t h a t t h e 
yn-mesons a r e a l l d e r i v e d from. 'C-mesons. 
9 • 4 The E f f e c t of F l u c t u a t i o n s on t h e TPmeson_ P r o d u c t i on 
S p e c t r u m 
The a n a l y s i s c a r r i e d o u t i n c h a p t e r 8 assumed t h a t 
t h e -flf-mesons p r o d u c e d i n an i n t e r a c t i o n i n v o l v i n g a n u c l e o n 
155. 
o f g i v e n e n e r g y a l w a y s had t h e same m u l t i p l i c i t y . 
U s i n g t h e m u l t i p l i c i t y s p e c t r u m d e r i v e d i n 17.2, t h e 
ir-meson p r o d u c t i o n s p e c t r u m has been d e r i v e d i n A7.4. I t 
i s seen t h a t t h e e x p r e s s i o n i s i d e n t i c a l ^ e x c e p t f o r t h e 
s q u a r e b r a c k e t s , t o t h a t d e r i v e d i n c h a p t e r 8, ( e . g . equa-
t i o n A6.5, when c o r r e c t e d t o a p p l y t o c h a r g e d p a r t i c l e s 
o n l y ) . I n s e r t i n g t h e v a l u e s s - 2.6, tx. =• -£-, j ~ 3 t h e 
e x p r e s s i o n i n t h e s q u a r e b r a c k e t s r e d u c e s t o 1.14. The 
e f f e c t on t h e v a l u e s o f deduced i n t a b l e 8.1 i s s m a l l . 
ft 
For t h e v a l u e o f E use d i n t h e model f o r t h e p o s i t i v e -
n e g a t i v e r a t i o i n 9.2 and 9.3, B = 4.5, t h e n t h e v a l u e s o f 
k^ i n t h e m u l t i p l e c o l l i s i o n model become 
I k ^ ( n e g l e c t i n g f l u e t u a t i o n s ) ^ ( c o r r e c t e d f o r 
f l u c t u a t i o n s ) 
1.24 0.49 D.45 
1.74 0.40 0.37 
I t i s t h u s seen t h a t t h e e f f e c t o f f l u c t u a t i o n s on t h e 
a n a l y s i s o f c h a p t e r 8 i s s m a l l . 
As j • 1 i n e q u a t i o n 17.18, t h e e f f e c t o f f l u c t u a t i o n s 
i n t h e m u l t i p l i c i t y o f H^mesons p r o d u c e d , i s r e d u c e d and 
e q u a t i o n A7.18 r e d u c e s t o e q u a t i o n A6.5, w h i c h r e f e r s t o 
a l 1 if^-mesons p r o d u c e d . 
9 • 5 C o n c l u s i o n s 
The measured p o s i t i v e - n e g a t i v e r a t i o o f «i -mesons a t 
s e a - l e v e l d e r i v e d i n c h a p t e r 7 has been c o r r e c t e d , f o r a l l 
known b i a s e f f e c t s . The measured d a t a a r e c o n s i s t e n t 
156. 
w i t h i n t h e m s e l v e s and a r e i n good agreement w i t h t h e 
G e i g e r c o u n t e r d a t a o v e r t h e common e n e r g y r e g i o n . 
Above 10 C-eV t h e p o s i t i v e - n e g a t i v e r a t i o o f t h e measured 
d a t a i n c r e a s e s c o n t i n u o u s l y up t o t h e maximum e n e r g y o f 
240 GeV. The measured p o s i t i v e - n e g a t i v e r a t i o o f t h e 
p r e s e n t work i s i n good agreement w i t h t h e v a l u e s o b t a i n e d 
by a l l o t h e r w o r k e r s a p a r t f r o m t h e p o i n t s a t h i g h e s t 
e n e r g y g i v e n by Holmes e t a l ( a t 100 GeV) and P i n e e t a l 
( a t 50 Ge¥). There i s some i n d i c a t i o n t h a t t h e measured 
p o s i t i v e - n e g a t i v e r a t i o deduced by o t h e r w o r k e r s a l s o 
i n c r e a s e s , a p a r t f r o m t h e two c ases m e n t i o n e d above. 
The p r e d i c t e d p o s i t i v e - n e g a t i v e r a t i o f r o m t h e work 
o f t h i s c h a p t e r , w h i c h assumes t h a t a l l t h e yn-mesons a t 
s e a - l e v e l a r e d e r i v e d f r o m ^ m e s o n s , i s i n d i s a g r e e m e n t 
w i t h a l l t h e measured d a t a i n t h e r a n g e 10-50 GeV a p a r t 
f r o m t h e two cases m e n t i o n e d a b o v e , a l t h o u g h t h e a b s o l u t e 
p r e d i c t e d v a l u e s a r e i n e x c e l l e n t agreement w i t h t h e 
measured v a l u e s b e t w e e n 5 and 10 GeV. I t i s c o n c l u d e d 
t h e r e f o r e t h a t e i t h e r p a r t i c l e s o t h e r t h a n TF^mesons a r e 
p l a y i n g an i m p o r t a n t r o l e a t t h e s e e n e r g i e s o r t h a t t h e r e 
i s some change i n t h e c h a r a c t e r o f t h e i n t e r a c t i o n s . 
S i g n i f i c a n t changes i n t h e p o s i t i v e - n e g a t i v e r a t i o a r e 
p r e d i c t e d by t h e h y p e r o n model o f P e t e r s ( ( 1 9 6 2 ) . Assuming 
t h a t a h y p e r o n i n many cases c a r r i e s away most o f t h e 
e n e r g y o f t h e p r i m a r y , i n s t e a d o f t h e p r o t o n and n e u t r o n 
( 1 9 6 2 ) , 
assumed i n t h e p r e s e n t w o r k , Babu and l a s h P a l / h a v e d e r i v e d 
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t h e e n e r g y s p e c t r u m o f j-mesons a t s e a - l e v e l a r i s i n g 
f r o m t h e T-mesons w h i c h a r e t h e decay p r o d u c t s o f t h e 
h y p e r o n s . These a u t h o r s have a l s o shown t h a t t h i s l e a d s 
t o an e x c e s s o f p a r t i c l e s o f n e g a t i v e c h a r g e a t h i g h 
e n e r g i e s ( e . g . ., ?|t * 0.56 a t 100 GeV) . A l t h o u g h t h e 
h y p e r o n t h e o r y i n i t s p r e s e n t f o r m seems t o show p r o m i s e 
o f e x p l a i n i n g many o f t h e f e a t u r e s o f h i g h e n e r g y n u c l e a r 
p h y s i c s , i t i s i n c o n s i s t e n t w i t h t h e p o s i t i v e - n e g a t i v e 
r a t i o w h i c h i s g r e a t e r t h a n one a t l e a s t up t o s e v e r a l 
h u n d r e d s o f GeV. F u r t h e r , A k a s h i e t a l ^ 1 9 6 ? ) have f o u n d 
d i s a g r e e m e n t w i t h t h e e x p e c t e d number o f d e l a y e d 7T°-mesons 
i n c l o s e p r o x i m i t y t o t h e p r i m a r y n u c l e a r i n t e r a c t i o n s . 
I f t h e h y p e r o n model i s c o r r e c t t h e r e w i l l a l s o be an 
e f f e c t on t h e s e a - l e v e l /i-meson s p e c t r u m b u t t h e ^ - m e s o n s 
w h i c h a r i s e f r o m a h y p e r o n s o u r c e do n o t b e g i n t o have 
c o m p a r a b l e i n t e n s i t y t o the^« -mesons f r o m t h e 77-meson 
s o u r c e b e l o w a fi-meson e n e r g y o f 1000 GeV. I t i s t h u s 
p o s s i b l e t h a t t h e p r e s e n t e x p e r i m e n t w o u l d n o t d e t e c t any 
i n c r e a s e i n t h e s e a - l e v e l ^ - m e s o n i n t e n s i t y due t o a 
s o u r c e o t h e r t h a n t h e TP-meson s o u r c e assumed f o r t h e 
p u r p o s e of c o m p a r i s o n i n t h e p r e s e n t w o r k . 
The h y p e r o n t h e o r y o f P e t e r s assumes t h a t a l l f o u r 
h y p e r o n s o f s t r a n g e n e s s - 1 a r e p r o d u c e d i n e q u a l p r o p o r -
t i o n s and because o f t h e decay schemes t h e h y p e r o n s g i v e 
r i s e t o a n e g a t i v e e x c e s s o f /i-mesons a t s e a - l e v e l . The 
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n e g a t i v e e x c e s s i s t h u s due t o t h e p o s t u l a t i o n o f s t r a n g e -
ness - 1 h y p e r o n s i n t h e p r i m a r y and s u b s e q u e n t i n t e r a c t i o n s 
and t h i s i t s e l f i s based on t h e o b s e r v a t i o n a t l o w e n e r g i e s 
u s i n g t h e CEEI p r o t o n beam t h a t more K-mesons o f p o s i t i v e 
s t r a n g e n e s s (K"% -f-1) a r e p r o d u c e d t h a n w i t h n e g a t i v e s t r a n g e -
ness (K , - 1 ) . 
A p o i n t o f i n t e r e s t i n t h e p r e s e n t d i s c u s s i o n has been 
p u t f o r w a r d by Babu and Yash P a l who have s u g g e s t e d t h a t 
s i n c e t h e p r i m a r y cosmic r a d i a t i o n I s p r e d o m i n a n t l y p o s i -
t i v e l y c h a r g e d , i t i s l i k e l y t h a t 2 may be p r o d u c e d more 
f r e q u e n t l y t h a n t h e o t h e r h y p e r o n s , w h i c h w o u l d l e a d t o a 
r e d u c t i o n o f t h e c a l c u l a t e d n e g a t i v e e x c e s s o f yU-mesons a t 
s e a - l e v e l , ana m i g h t p o s s i b l y e x p l a i n t h e o b s e r v e d r e s u l t . 
I t i s t h u s c o n c l u d e d t h a t a l t h o u g h h y p e r o n e f f e c t s 
w i l l n o t g r e a t l y i n c r e a s e t h e i n t e n s i t y o f ^-mesons a t sea-
l e v e l b e l o w a b o u t 1000 GeYy^-meson e n e r g y , t h e r e w o u l d be a 
p r o n o u n c e d e f f e c t on t h e p o s i t i v e - n e g a t i v e r a t i o . The p r e -
d i c t e d n e g a t i v e e x c e s s has n o t been f o u n d b u t t h e i n c r e a s e 
i n t h e r a t i o f o u n d e x p e r i m e n t a l l y c o u l d be e x p l a i n e d by a 
m o d i f i e d model i n w h i c h t h e p r o d u c t i o n o f ^ - h y p e r o n s g r e a t l y 
exceeds t h a t o f ^ - h y p e r o n s . 
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C h a p t e r 10 
C o n c l u s i o n s 
I t has been shown t h a t t h e a p p l i c a t i o n of f l a s h -
t u b e s t o a m a g n e t i c s p e c t r o g r a p h has r e s u l t e d i n a r e l i a b l e 
i n s t r u m e n t h a v i n g a h i g h r a t e o f c o l l e c t i o n o f d a t a and 
h i g h a c c u r a c y o f momentum d e t e r m i n a t i o n . 
The momentum s p e c t r u m and c h a r g e - r a t i o o f / i - m e s o n s 
have been measured t o h i g h e r momenta t h a n h i t h e r t o . I t i s 
c o n c l u d e d t h a t i f t h e /i -mesons a t s e a - l e v e l a r e d e r i v e d 
s o l e l y f r o m i f - a e s o n s t h e n t h e d i f f e r e n t i a l s p e c t r u m o f t h d 
if-mesons a t p r o d u c t i o n can be r e p r e s e n t e d by 
N ( E ) « 0.156 E " 2 * 6 4 c m ~ ? s e c ~ 1 s t ~ 1 ( G e V j " 1 
The s e a - l e v e l i n t e g r a l ^-meson s n e c t r u m has been com-
p a r e d w i t h t h e i n t e g r a l i n t e n s i t i e s o f p a r t i c l e s a b l e t o 
p e n e t r a t e t o v a r i o u s u n d e r g r o u n d d e p t h s . T h i s has been 
done by a s s u m i n g a r e l a t i o n f o r t h e a v e r a g e r a t e o f e n e r g y 
l o s s i n r o c k , w h i c h a l t h o u g h g i v i n g a r a t e o f e n e r g y 
l o s s g r e a t e r t h a n t h a t assumed by o t h e r w o r k e r s , i s con-
s i d e r e d by t h e a u t h o r t o be t h e b e s t t h e o r e t i c a l e s t i m a t e 
a t t h e p r e s e n t t i m e . T h i s r e l a t i o n , t o g e t h e r w i t h t h e 
i n t e g r a l s p e c t r u m o f t h e p r e s e n t w o r k , l e a d s t o i n t e n s i t i e s 
u n d e r g r o u n d w h i c h a r e l e s s t h a n t h e measured ones. I t has 
been shown t h a t t h e e f f e c t o f f l u c t u a t i o n s i n e n e r g y l o s s 
a c c o u n t s f o r much o f t h e d e f i c i e n c y , b u t m o d i f i c a t i o n of 
t h e assumed t h e o r e t i c a l c r o s s - s e c t i o n s i s n o t d i s c o u n t e d . 
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i n e x p r e s s i o n f o r t h e ff-aieson p r o d u c t i o n s p e c t r u m has 
been d e r i v e d fro® t h e measured p r i m a r y s p e c t r u m and a 
s i m p l e model f o r t h e n u c l e o n cascade t h r o u g h t h e atmos-
p h e r e . I t has been assumed t h a t t h e t o t a l number of 1T-
mesons p r o d u c e d i n t h e c o l l i s i o n o f a p r i m a r y o f e n e r g y E 
P 
JL 
i s n T ( E ^ ) =• 4.5 l p 4 and t h e p r e d i c t e d i ^ a e s o n p r o d u c t i o n 
s p e c t r u m has been d e r i v e d as a f u n c t i o n o f t h e i n e l a s t i c i t y 
o f t h e i n t e r a c t i o n s ( t h e i n e l a s t i c i t y i s d e f i n e d as t h e 
f r a c t i o n o f a v a i l a b l e e n e r g y a p p e a r i n g as "Jamesons i n t h e 
i n t e r a c t i o n ) . Comparison w i t h t h e Measured" f-aieson p r o d u c -
t i o n s p e c t r u m shows t h a t t h e i n e l a s t i c i t y o f t h e i n t e r a c -
t i o n s d e c r e a s e s as t h e p r i m a r y e n e r g y i n c r e a s e s . Thus a t 
11 
a p r i m a r y e n e r g y of -5 x 10 e¥, t h e d e r i v e d i n e l a s t i c i t y 
14 
i s 0.25, w h i l s t a t h i g h e r p r i m a r y e n e r g i e s , ~ 1 . 5 x 10 eV, 
the i n e l a s t i c i t y i s 0.20. I t i s c o n c l u d e d t h a t t h e r e i s 
e x c e l l e n t agreement w i t h the measured v a l u e s of i n e l a s t i c i t y 
by o t h e r w o r k e r s u s i n g more d i r e c t methods. 
The c h a r g e r a t i o o f yt>-mesons a t s e a - l e v e l has been 
measured. I t i s c o n c l u d e d t h a t a t low e n e r g i e s 5 - 1 0 GeV 
t h e r e i s good agreement w i t h the v a l u e s of the p o s i t i v e -
n e g a t i v e r a t i o measured by o t h e r w o r k e r s . Above 10 GeV" 
t h e r e i s some u n c e r t a i n t y because of the wide v a r i a t i o n of 
the r e s u l t s of o t h e r w o r k e r s , w h i c h have been made w i t h 
i n s t r u m e n t s h a v i n g l o w e r momentum r e s o l u t i o n and because 
of the l o w e r s t a t i s t i c a l a c c u r a c y of t h e i r r e s u l t s . I t i s 
c o n c l u d e d t h a t the p r e s e n t r e s u l t s i n d i c a t e a c o n t i n u o u s 
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i n c r e a s e i n t h e p o s i t i v e - n e g a t i v e r a t i o w i t h i n c r e a s i n g 
momentum, b u t a s l o w d e c r e a s e a t h i g h momenta c a n n o t be 
r u l e d o u t . 
The cascade model r e f e r r e d t o e a r l i e r has been u s e d 
t o p r e d i c t t h e p o s i t i v e - n e g a t i v e r a t i o o f "(^-mesons and i t 
has been shown t h a t f l u c t u a t i o n s i n t h e numbers o f if-mesons 
p r o d u c e d i n an i n t e r a c t i o n have an i m p o r t a n t e f f e c t on t h e 
r e s u l t s . An e s t i m a t e o f t h e p o s i t i v e - n e g a t i v e r a t i o has 
been made u n d e r t h e u s u a l a s s u m p t i o n s t h a t t h e ^ - m e s o n s a r e 
a l l d e r i v e d f r o m iT-mesons. I t i s concluded, t h a t t h e r e i s 
e x c e l l e n t a g r e e m e n t o f t h e a b s o l u t e v a l u e o f t h e p r e d i c t e d 
p o s i t i v e - n e g a t i v e r a t i o and t h e measured r e s u l t s o f t h e 
p r e s e n t work i n t h e r a n g e o f /•'-meson e n e r g y 5 - 1 0 GeV. A t 
h i g h e r e n e r g i e s , h o w e v e r , t h e r e i s an i n c r e a s i n g d i f f e r e n c e , 
w i t h the p r e d i c t e d r a t i o f a l l i n g and the measured r a t i o 
r i s i n g . 
I t seems l i k e l y , t h e r e f o r e , t h a t t h e i n c r e a s e i n t h e 
r a t i o a t h i g h e n e r g i e s a r i s e s from; t h e g e n e r a t i o n i n t h e 
p r i m a r y i n t e r a c t i o n s o f p a r t i c l e s o t h e r than f-mesons. I t 
has r e c e n t l y been s u g g e s t e d by P e t e r s , (1962) , t h a t h y p e r -
ons p l a y an i m p o r t a n t r o l e a t h i g h e n e r g i e s . I n t h e f o r m 
d e v e l o p e d by P e t e r s t h e " h y p e r o n m o d e l " p r e d i c t s t h a t t h e 
p o s i t i v e e x c e s s o f / - m e s o n s a t s e a - l e v e l s h o u l d go n e g a t i v e 
a t h i g h e n e r g y . T h i s i s j u s t t h e o p p o s i t e o f what has been 
f o u n d e x p e r i m e n t a l l y . Of t h e p o s s i b l e e x p l a n a t i o n s , t h e 
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most l i k e l y one w o u l d a p p e a r t o be t h a t £-hyperons a r e 
p r o d u c e d and c a r r y o f f most o f t h e p r i m a r y e n e r g y , w i t h 
g r e a t e r f r e q u e n c y t h a n t h e o t h e r h y p e r o n s do a t t h e 
e n e r g i e s c o n c e r n e d . 
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Appendix 1. The Incoherence of P a r t i c l e J^aj^cjfeoj^es 
The d e r i v a t i o n of the dependence of the incoherence 
of the t r a j e c t o r y of a p a r t i c l e due t o the e r r o r s i n the 
e s t i m a t i o n of d e f l e c t i o n and the geometry o f , and s c a t t e r -
i n g i n , the s p e c t r o g r a p h w i l l be c o n s i d e r e d t h e o r e t i c a l l y , 
a) S c a t t e r i n g 
The r.m.e. p r o j e c t e d angle of s c a t t e r i n g of a 
p a r t i c l e of momentum p, pass i n g t h r o u g h the s p e c t r o g r a p h 
i s g i v e n by 
K t * $ A l . 1 
where K ~ 0.22 MeY and t i s measured i n r a d i a t i o n l e n g t h s . 
The sum i s taken over a l l the m a t e r i a l i n the f l a s h - t u b e 
a r r a y s B, C and the Geiger c o u n t e r s Gg, , G^ . D i v i d i n g 
^f;y by e q u a t i o n 2.2, then 
0 A l . 2 
I n s e r t i n g the measured values f o r the q u a n t i t i e s i n A l . 2 , 
then 
K» - 0.054 A1.3 
f o r y - i e s o n s with^4~>l i . e . p 0. 5 GeV"/c . Thus the d e f e l c -
t i o n of each p a r t i c l e has an u n c e r t a i n t y of s t a n d a r d devia-
t i o n 5.4$£ due t o m u l t i p l e s c a t t e r i n g . The e f f e c t of t h i s 
on any d e t e r m i n a t i o n of the momentum spectrum of ^-mesons 
at s e a - l e v e l , would be t o smooth out any f i n e s t r u c t u r e 
t h a t may occur. 
1 / 3 • 
b) L o c a t i o n Accuracy of the Flash-tubes 
The magnitude of t h i s q u a n t i t y has not been i n v e s -
t i g a t e d t h e o r e t i c a l l y under the c o n d i t i o n s of the para-
meters used i n the s p e c t r o g r a p h . Hence i t i s d e r i v e d 
under e x p e r i m e n t a l c o n d i t i o n s i n the next s e c t i o n . 
c ) R e l a t i o n Between S c a t t e r i n g E r r o r . L o c a t i o n E r r o r , and. 
Magnetic D e f l e c t i o n 
The magnitude of the two e f f e c t s d e s c r i b e d i n a, and 
b above can be determined under the a c t u a l e x p e r i m e n t a l 
c o n d i t i o n s . I n d e r i v i n g the t r a j e c t o r y of a p a r t i c l e ^ 
u n c e r t a i n t i e s due to the s c a t t e r i n g and l o c a t i o n of the 
t r a j e c t o r y a r i s e . I f the e s t i m a t e d p o s i t i o n s a t the 4 
f l a s h - t u b e .measuring l e v e l s are p r o j e c t e d t o i n t e r s e c t 
the 1 e v e l M, f i g u r e A l . 1 , where magnetic d e f l e c t i o n i s 
assumed t o take p l a c e , then the d i s c r e p a n c y due t o the 
incoherence can be e x p l a i n e d and used t o e s t i m a t e the 
c o n t r i b u t i o n s of s c a t t e r i n g , c hecking a, above, and t o 
e s t i m a t e the l o c a t i o n a l e r r o r under e x p e r i m e n t a l c o n d i -
t i o n s . 
S c a t t e r i n g 
In' f i g u r e A l . l a i t i s assumed t h a t a l l the s c a t t e r i n g 
i n the Geiger c o u n t e r s and f l a s h - t u b e s a t a g i v e n measur-
i n g l e v e l can be c o n c e n t r a t e d a t one h o r i z o n t a l p l a n e . 
C o n t r i b u t i o n s to the d i f f e r e n c e B'C w i l l a r i s e from 
s c a t t e r i n g t a k i n g p l a c e a t B and C. I f the d i s c r e p a n c y 
i s due e n t i r . e l y t o s c a t t e r i n g then 
i I i / 
» / 1 B 
M M 03 
4 
D 
,ocation e r r o r Sc 
Firm re- A1 . 1 F i g u r e A1 
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I f the t o t a l r.in.8. s e p a r a t i o n due t o s c a t t e r i n g i s ^ f f s / * 
then 
^ ^ ' - Z ^ / where = 
I f K i s the r a t i o of s c a t t e r i n g d e f l e c t i o n t o magnetic 
d e f l e c t i o n 
Hence from e q u a t i o n 2.2a 
6". =^.^-» 
5 ) 
L o c a t i o n 
There i s a l s o a c o n t r i b u t i o n t o B'C' due t o e r r o r i n 
l o c a t i o n of p a r t i c l e t r a j e c t o r y . I f i s the t o t a l e r r o r 
due t o l o c a t i o n a t a l l the 4 f l a s h - t u b e measuring l e v e l s 
As B, C, D, then 
/ y <~ 
I 
s 
c o n s t a n t . Since the geometry i s s y m m e t r i c a l , c o n s i d e r one 
where 5 i s the e r r o r a t each l e v e l and 6 i s a g e o m e t r i c a l 
a a
h a l f A, B, see f i g u r e A l . l b . E r r o r s and p g occur i n the 
t r a j e c t o r y a t A and B and r e s u l t i n an e r r o r w a t the l e v e l 
M. Then 
low ^ -
h a l v e s . 
r.m.s. e r r o r a t 1 due t o l o c a t i o n f o r bo t h 
Hence 
i-^i and fr=j; = c 
T o t a l 
The t o t a l r.m.s. v a l u e of B * C' , <^  , i s g i v e n by 
I n s e r t i n g the values used f o r y and z (—^~- t and •* 
t a b l e 3.1). 
f V = 0.108 k v Z 4 3.748 A l 
I n p r a c t i c e a mean va l u e of (f> i s observed, over 
range of ^ / ^ j . 
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Appendix 2. The D e r i v a t i o n of t h e _ C o r r e c t i o n F a c t o r s _ f o r 
The r.m.s. st a n d a r d d e v i a t i o n of the t o t a l uncer-
t a i n t y i n p a r t i c l e t r a j e c t o r y l o c a t i o n , e q u a t i on i s 
d e r i v e d from a q u a n t i t y which i s w e l l r e p r e s e n t e d by a 
Gaussian d i s t r i b u t i o n , f i g u r e 5-7. Thus the re q u i r e m e n t 
f o r the measured d e f l e c t i o n s p e c t r a t h a t l(A)= 0 when 
A = 0 ( i . e . as p w i l l no l o n g e r h o l d . The expected 
d i s t r i b u t i o n i n Iv (A ) w i l l now be d e r i v e d . Let the t o t a l 
u n c e r t a i n t y i n t r a c k l o c a t i o n , or " n o i s e " , S^ be r e p r e -
sented by a Gaussian d i s t r i b u t i o n 
Then, i n f i g u r e A2.1, the number of p a r t i c l e s w i t h t r u e 
d e f l e c t i o n A., but h a v i n g d e f l e c t i o n A due t o " n o i s e " i s 
E r r o r s i n Track L o c a t i o n 
Si x P A MBIIIII I — 
The t o t a l number a t A f o r A. — 0 t o ^ i s 
(Ac-A) 1 K A' ri-T 2 £, 
Jn 
(A c -A) K 
2- cT 27T 0 
Let y; A. - A , dy r dA. , then 
1 x 
T o t a l number a t A i s 
K ^<j+AWp 
1 





F i g u r e A2.1 s The e f f e c t -of* e r r o r s i n t r a c k l o c a t i o n 
the d e f l e c t i o n spectrum. 
177. /O 
/ *• i / M i 
where C rJ£/\ 
The c o n t r i b u t i o n at-A. f o r from 0 t o can be s i m i l a r l y 
f o u n d . L e t t i n g z •=. A ., -+A the t o t a l number a t ~£ i s 
H , 2 
The t o t a l c o n t r i b u t i o n from A - -A^ t o A-dO i s o b t a i n e d by 
the summation of e q u a t i o n s A2.1, and A2.2, and i s 
where (A) = ^ I ©xp — 6 . 4ir (Jahnke and Emde , 1945). 
The f a c t o r , R, by which the t r u e i n t e n s i t y i s i n c r e a s e d 
by n o i s e i s .thus, 
A 
and the c o r r e c t i o n f a c t o r t o be a p p l i e d to the measured 
i n t e n s i t i e s i s S \ 
The c o r r e c t i o n has been d e r i v e d f o r a d e f l e c t i o n 
spectrum approximated by the e x p r e s s i o n K(A) d K(A) , where 
K i s a c o n s t a n t . I n f a c t t h i s e x p r e s s i o n corresponds to a 
_3 
momentum spectrum f a l l i n g o f f as p , i n good approxima-
t i o n t o the measured r e s u l t . 
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Appendix 3. The Sea-level, yW-meson D i f f e r e n t i a l , 3p«jctrum 
" 7 ' ' 
Above 10 GeV/c. 
The form of the spectrum i s d e r i v e d from a n a l y s i s due 
to B a r r e t t e t a l , ( 1 9 5 2 ) . The p r i m a r y r a d i a t i o n assumed 
to be m o s t l y p r o t o n s i s absorbed a t the top of the atmos-
phere e x p o n e n t i a l l y w i t h a mean f r e e path j\ . C o n s i d e r i n g 
P 
~2 
then a depth x gm.cm ' below the top of the atmosphere, 
l e t dff(E' ) be the i n c r e a s e i n the number of TT^-mesons of 
-2 
energy E' i n depth dx gm.cm , then 
¥here FfE' ) i s the d i f f e r e n t i a l spectrum of ff^mesons a t 
p r o d u c t i o n and i s the a b s o r p t i o n mean f r e e p a t h of IF 
mesons. 
The f i r s t term on the r i g h t i n A3.1 accounts f o r the 
e x p o n e n t i a l a t t e n u a t i o n of the p r i m a r y r a d i a t i o n . Of the 
(A* 
TTT E 1 ) jl-mesons produc ed i n x, a f r a c t i o n "J^ " w i l l be l o s t 
by i n t e r a c t i o n , second term, and t h e r e i s a c e r t a i n prob-
a b i l i t y depending on t h e i r momentum, p and p o s i t i o n , t h a t 
some w i l l have been l o s t by decay, t h i r d term, where m^j— 
i s the mass of the "Pmeson, f> , the d e n s i t y of a i r , and ^ 
the mean l i f e t i m e of If-me sons a t r e s t . 
At these e n e r g i e s E' sz- p' c and. i n the v e r t i c a l d i r e c -
t i o n , x c - X 
where h Q =. 6.46 x 10 5 cm. The e q u a t i o n can then be r e - w r i t t e n 
179. 
where D = ~~Z~*cT - 117 •4 Se? and t a k i n g the u s u a l v a l u e s 
f o r the o t h e r q u a n t i t i e s . The s o l u t i o n of A3.1 can be 
w r i t t e n , 
, . „ . „ . . , . , . . . . . . . „ 1 , 4,1a 
Prom e q u a t i o n A3 . 2 the number of ytl-aesons j fl( E j} , p r o -
duced, by "ffyu decay a t a g i v e n depth, x q ' can be c a l c u l a t e d , 
where B = B' r 89.26 GeY and r = ^ k^? , m i s the mass of the 
-meson. 
The y*i-mesons of energy E, e q u a t i o n A3.3 come from 1C-
inesons h a v i n g a s m a l l range of energy 
All — 2. k ' 4_ ( u n i t s of yft-meson r e s t 
" P*1 /mass) 
where p ' i s the momentum of the A-aeson i n the r e s t sys-
tem of the decaying fT-meson, of momentum j ^ , . The proba-
b i l i t y of emission a t a g i v e n angle F ( i j ^ ) i s independent 
of angle , / ,~t 
<'0) = ( 2M*) 
so t h a t the spectrum i s f l a t . The mean energy of emission 




. i t high, e n e r g i e s theyu-meson has a maximum energy 
v / ymax i f 
w h i l s t the lower l i m i t i t 
s /» mxn ir 
P r e v i o u s workers, B a r r e t t e t a l , ( 1 9 5 2 ) , Pine et a l , 
( 1 9 5 9 ) , have assumed = r E ^ (E rE' ) i n good a p p r o x i -
mation t o A3.4 and t h i s v a l u e w i l l be used i n ord e r t h a t 
d i r e c t comparison of the p r e s e n t work w i t h o t h e r work can 
be c a r r i e d o u t . 
Assuming again t h a t | =• i ^ - > then 13.3 has an exact 
s o l u t i o n when x —> 06 0 
- I 
A3.5 
Hence the p r o b a b i l i t y of TP-meson i n t e r a c t i o n can be 
expressed as 
e _ y 
I t i s assumed t h a t F( ^ ) has the form A(E') where 
A i s t h a t v a l u e g i v e n by Pine e t a l , (1959) 
A - 0.156 A3.7 
There i s a c e r t a i n p r o b a b i l i t y t h a t theyf-mesons, 
once formed, w i l l decay. Assuming t h a t the ^-mesons are 
- 2 
a l l produced a t the 100 gm.cm l e v e l i n the atmosphere f 
then the p r o b a b i l i t y of a yt»-meson reaching sea-1 e v e l w i t h 




where £ ~ ^ "V^ ; h i s the s c a l e h e i g h t of the atmos-
phere and i s the energy l o s s of yt*-mesons i n the atmos-
phere. The energy l o s s of ^« -mesons i n a i r has been g i v e n 
by Sternheimer, (1959) , f i g u r e A3.1a, and the value of IL 
as a f u n c t i o n of S i s g i v e n i n f i g u r e 1 3 . l b . The quan-
t i t i e the t o t a l mass t h i c k n e s s and t h i c k n e s s o 
-2 
from the 100 gin.cm l e v e l , r e s p e c t i v e l y , t o s e a - l e v e l . 
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0.1 1 10 , 1 0 0 
Momentum, ( i i . GeV/'c) 
Figure A3,1 a s The average r a t e of energy l o s s of* 
,«-ro,esons i n a i r , ( a f t e r Sternheimer, 1959))* 
> 0) 3.0 \ 
CQ 
2.6 
1 10 u 
J..omentum, ( i n OeV'/c) 
f i g u r e A3.1t) • The energy l o s t i n the atmosphere from 
the 1 00 gm. cm*™2 l e v e l . 
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Appendix 4. The U l t i m a t e Accuracy of Track L o c a t i o n 
The p o s s i b i l i t y of i n c r e a s i n g the accuracy of p a r t i c l e 
t r a j e c t o r y l o c a t i o n has been i n v e s t i g a t e d . I t can he seen 
t h a t the d i s t r i b u t i o n i n $ i n f i g u r e 5.12 i s not q u i t e 
Gaussian, because of the " t a i l " . I n o r d e r t o i n c r e a s e the 
accuracy of p a r t i c l e t r a j e c t o r y l o c a t i o n which i s d e r i v e d 
from the f r e q u e n c y d i s t r i b u t i o n of <p , i t i s necessary t o 
remove t h i s t a i l , and f i n d the r e s u l t i n g f a c t o r by which 
the accuracy i s i n c r e a s e d . 
This was done by u s i n g 50 pseudo p a r t i c l e s t o s i m u l a t e 
the passage of p a r t i c l e s through the s p e c t r o g r a p h , on the 
Track S i m u l a t o r . An angle was chosen and the c u r s o r of 
the Track S i m u l a t o r , s e c t i o n 3.5.3, was s e t a t some random 
p o s i t i o n . I n order t o determine whether the ''tubes" i n t e r -
sected by the t r a c k so d e f i n e d would f l a s h or n o t , a simple 
Monte Carlo s p i n n i n g wheel was c o n s t r u c t e d . Using the 
i n t e r n a l ( a b s o l u t e ) e f f i c i e n c y , , of the f l a s h - t u b e s 
( s e c t i o n 3.2.2) c a l c u l a t e d from the p a r t i c l e s i n t a b l e 5.7 
w i t h d e f l e c t i o n l e s s than 0.26 cm, a p r o b a b i l i t y f u n c t i o n 
of f l a s h i n g was drawn f o r each l a y e r of the a r r a y s ABCD. 
The e x p e r i m e n t a l l y observed and the expected average values 
of are shown i n f i g u r e 14.1. The expected average 
v a l u e of was c a l c u l a t e d from the c h a r a c t e r i s t i c s of 
the f l a s h - t u b e s . For a time delay of 1 0 ^ s e c and r i s e 
time of p u l s e of 0.5ynsec, t h i s i s 85/:', C o x e l l e t a l , 
( 1 9 6 0 ) . 
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F i g u r e AJ4.I s The measured absolute e f f i c i e n c i e s of the 
f l a s h - t u b e f o r the present work. 
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Using the s p i n n i n g wheel i t was then decided whether 
or n o t the p a r t i c u l a r f l a s h - t u b e i n t e r s e c t e d had f l a s h e d 
or n o t . When t h i s had been done f o r l a y e r s , which had 
f l a s h e d i n each a r r a y , the l i m i t s over which the curs o r 
c o u l d be moved were determined, c o n s i s t e n t w i t h the c r i t e r i a 
p r e v i o u s l y adopted f o r measurement. The mean of the two 
l i m i t s was c a l c u l a t e d and also the v a l u e of the d i f f e r e n c e 
from the t r u e p o s i t i o n . The " d e f l e c t i o n " and valu e of <p 
were o b t a i n e d by drawing the p a r t i c l e s on a sc a l e diagram 
of the s p e c t r o g r a p h . 
The d i s t r i b u t i o n , i n (f> was found t o have a median v a l u e , 
f i g u r e A4.2a, of 
( $ > ) m e d = 0.064 ±0.018 cm 
compared w i t h the measured median value of 0.066 i O . 01 cm 
( e q u a t i o n 5.9). The frequency d i s t r i b u t i o n of A i s shown 
i n f i g u r e A4.2b, which has a median v a l u e of 
A \ 0.064 cm 
mea 
I f those p a r t i c l e s wi t h <P ^  (ft) me& a r e r e j e c t e d , then 
the median value of A i s reduced t o 
( A • ~ 0.048 cm med r e j 
I d e a l l y , i f t h e r e vere no e r r o r s i n measurement of p a r t i c l e 
t r a c k p o s i t i o n , a l l the values of A would be zero. Thus the 
accuracy w i t h which A i s determined i s i n c r e a s e d by 
A med ^ T »/ i / - 1 . 3 3 A4.1 






F i g u r e Ah.2a 
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# i n u n i t s of 0 .032 cm. 
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0) F i g u r e AL. 2b 
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A, i n u n i t s of 0 .032 cm 
Figur e A 4 . 2 a s The d i s t r i b u t i o n of 0 f o r the simulated 
p a r t i c l e s . 
F i g u r e Al+.Zb i The d i s t r i b u t i o n of" A f o r the simulated 
p a r t i c l e s , , 
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The method used t o s i m u l a t e the passage of p a r t i c l e s 
does not take i n t o account the v a r i a t i o n of a b s o l u t e 
e f f i c i e n c y w i t h r a d i u s of the f l a s h - t u b e . I n order to 
take t h i s i n t o account, the a b s o l u t e e f f i c i e n c i e s , f i g u r e 
A4.1, were put i n t o 4 groups w i t h mean e f f i c i e n c i e s of 
10C£, 67^, 69/", and 52#, t a b l e A4.1. 
The two groups w i t h e f f i c i e n c i e s of 69$ and 52% were 
assumed t o have t h i s low e f f i c i e n c y because of e l e c t r i c a l 
( g e o m e t r i c ) or o p t i c a l d e f e c t s i n the p u l s i n g or r e c o r d i n g 
systems, and the e f f i c i e n c y a t the c e n t r e of the tube was 
p r o p o r t i o n a l l y l o w e r , and not 100% as i n the o t h e r two 
groups. The a b s o l u t e e f f i c i e n c y of these 4 groups i s shown 
i n f i g u r e 14.3. 
The t r a j e c t o r i e s of t e n p a r t i c l e s were s i m u l a t e d i n 
the way p r e v i o u s l y adopted. The p r o b a b i l i t y of f l a s h i n g 
of f l a s h - t u b e s i n t e r s e c t e d by the randomly cho sen " t r u e " 
t r a j e c t o r y was determined by measuring the d i s t a n c e of 
the " t r a c k " from the edge of the tube. 
The fr e q u e n c y d i s t r i b u t i o n of (j:- was compared w i t h 
the p r e v i o u s l y found d i s t r i b u t i o n but no d i f f e r e n c e , 
w i t h i n the s t a t i s t i c a l accuracy of the d a t a , c o u l d be 
found. The e f f e c t of t a k i n g the r a d i u s of the f l a s h -
tube i n t o account when enumerating the e f f i c i e n c y , i s 
s m a l l , and w i t h the presen t arrangement i s p r o b a b l y over-
shadowed by the i n h e r e n t i n e f f i c i e n c y of some of the 
l a y e r s of f l a s h - t u b e s . 
Table A4.1 
Mean e f f i c i e n c y 





l a y e r 
V B 6 
A 2 - 7 ' • 
















mm from centre 
Figure A1+.3- « The v a r i a t i o n of the absolute e f f i c i e n c y of 
the f l a s h - t u b e s with radius. 
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11 has been p o i n t e d o u t , B u l l e t a l , ( l 9 6 2 ) and 
W o l f e n d a l e , t h a t the e n f o r c e d a s s o c i a t i o n of the two 
h a l v e s of the t r a j e c t o r y , e.g. AX and I'D, f i g u r e 3.12, 
demanding t h a t ^ should be z e r o , should produce a more 
ac c u r a t e d e t e r m i n a t i o n of A . 
This was i n v e s t i g a t e d u s i n g the o r i g i n a l 50 " p a r t i c l e s " 
mentioned i n t h i s Appendix. The t r a j e c t o r i e s were c o n s t r u c -
t e d by d r a w i n g , i n the manner mentioned p r e v i o u s l y . A p o i n t 
was chosen i n XT such t h a t the r a t i o i n which X Y was i n t e r -
s ected when the two h a l v e s of the t r a j e c t o r y were a s s o c i a -
te d , was p r o p o r t i o n a l t o the values of the d i f f e r e n c e between 
the mean and t r u e p o s i t i o n s a t B and C ( s i n c e these have by 
f a r the l a r g e s t e f f e c t on the v a l u e of p . The best e s t i -
mate of the t r a j e c t o r y was then determined by making the 
f r a c t i o n a l d i s t a n c e s of new i n t e r s e c t i o n s from the t r u e 
p o s i t i o n a t A, B, C, D e q u a l . The median v a l u e of the f r e -
quency d i s t r i b u t i o n of A was found as b e f o r e , and has the 
v a l u e 
A*nied * 0.060 cm 
which i s some 1% s m a l l e r than the p r e v i o u s v a l u e . This i s 
i n good agreement w i t h the r e s u l t s of Coates,(1961}, and 
E u l l e t a l who found a s i m i l a r improvement. 
The c o n c l u s i o n s to be drawn from t h i s a n a l y s i s are 
t h a t the accuracy of 1 o c a t i o n of t r a j e c t o r i e s can o n l y be 
i n c r e a s e d by a f a c t o r 1.33 by the p r e s e n t method of 
a n a l y s i s . 
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I f however the d i s t r i b u t i o n i n was g r e a t l y d i f f e r -
ent from a Gaussian then i t i s obvious t h a t a l a r g e 
g a i n i n accuracy of t r a j e c t o r y l o c a t i o n c o u l d be e f f e c t e d 
by r e j e c t i n g p a r t i c l e s i n the " t a i l " w i t h o u t an e x o r b i -
t a n t decrease i n s t a t i s t i c a l accuracy. 
138. 
Table A5.1 
Appendix 5. The Best Estimate of the D i f f e r e n t i a l I n t e n s i t y 
o f N e a r - v e r t i c a l Cosmic Ray Muons as a F u n c t i o n 
of Momentum over the Complete Range 0-4-1000 
GeV/c. 
Momentum D i f f e r e n t i a l I n t e n s i t y Exponent of d i f f e r e n t i a l 
(GeV/c) -2 - 1 , „/ \ - l . i cm sec s t e r a d ^ GeV/c; spectrum,, 5^ 
0.4 2.58 x 10"^ -0,44 
0.5 2.85 x 10"^ -0.16 
0.7 2.80 x 10"^ +0.22 
1.0 *2.45 x 10", rO.56 
1.5 ' 1.93 x 10"^ H).90 
2.0 1.48 x 10"^ t l . 1 4 
3.0 8.73 x 10~~[ +1.42 
5.0 3.79 x 10"T +1.76 
7.0 2.0 x 10"T +1.96 
10.0 1.02 x 10"^ +2.14 
15 4.16 x 1Q~^ 42.35 
20 2.04 x 10~r -*2.48 
30 7.20 x 10~^ +2.65 
50 1.77 x 10~;J 42.85 
70 6.60 x 10"' 42.98 
100 2.25 x 10"' +3.10 
150 6.28 x 10"° 43.22 
200 2.40 x. 10 Q 43.30 
300 6.10 x 10~' +3.38 
500 1.20 x 10"^ +-3.47 
700 3.50 x 10'^ 43.51 
10G0 9.70 x 10 1 +3.55 
s Normalised to the i n t e n s i t y g i v e n by Rossi (1948) 
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Table A5.2 The Best Estimate of the I n t e g r a l I n t e n s i t y 
of N e a r - v e r t i c a l Cosmic Ray muons as a Func-
t i o n of Momentum Over the Complete range 0.4-
100C GeV/c. 
Momentum I n t e g r a l I n t e n s i t y As percentage above 
(GeV/c) c m ~ 2 s e c " 1 s t e r a d ~ 1 0.4 GeV/c 
0.4 7.54 x 10"^ 100 
0.5 7.25 x 10 ^ 96.15 
0.7 6.7 2 x 10"^ 89.12 
1.0 5.90 x 10"^ 78.25 
1.5 4.84 x 1 0 , 64.19 
2.0 4.00 x 10~* 53.05 
3.0 2.87 x 10": 38.06 
5.0 1.71 x 10~* 22.68 
7.0 1.14 x 10~? 15.12 
10 7.00 x 10"T 9.28 
15 3.83 x 10"7 5.08 
20 2.40 x 10"T 3.18 
30 1.18 x 10"^ 1.56 
50 4.37 x 10~£ 6.03 x 1 0 ~ j 
70 2.20 x 10"^ 2.97 x 10~7 
100 1.01 x 10"? 1.34 x 10~p 
150 4.08 x 10~l 5.41 x 10"; 
200 2.14 x 10"5 2.84 x 10~^ 
300 8.10 x 10"' 1.07 x 1 0 , 
500 2.22 x 10"' 2.94 x 10~; 
700 9.40 x 10~" 1.25 x 10~^ 
1000 3.78 x 10" 5.01 x 1 0 ~ 4 
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A f p e n d i x 6. The D e r i v a t i o n of the T h e o r e t i c a l IPmesqrt 
P r o d u c t i o n Spectrum 
6 • 1 -mesons Produced w i t h Equal Energies i n the L-system 
I n t h i s model i t i s assumed t h a t the p r i m a r y , of 
k i n e t i c energy E makes one c o l l i s i o n , i n which i t l o s e s 
P 
a f r a c t i o n K of i t s energy ( i . e . X i s the t o t a l f r a c t i o n 
of energy g o i n g i n t o ~flh-meson p r o d u c t i o n ) . Then i f K E^ i s 
the energy a v a i l a b l e for the p r o d u c t i o n of n ( E ) iPmesons 
P 
each of energy E,^-
From e a n a t i o n 8.7 I n o r d e r to conserve energy i n the i n t e r a c t i o n i t i s 
r e q u i r e d t h a t 
K i f . ^ ^ p ^ f J . E f ^ A6.3 
l a t h i s case the p r o d u c t i o n s p e c t r a of sons i s 
from e q u a t i o n 8.3. I n s e r t i n g the n u m e r i c a l values of A 
2 
and B and a f a c t o r — t o a l l o w f o r charged ((-mesons only^ 
then the p r o d u c t i o n s p e c t r a of charged 7 T ~ m e s o n s i s ,-, . -/I +*-*) fi*-s) 
A6. 6 
191. 
I t i s f u r t h e r assumed t h a t a l l the^-mesons are e m i t t e d 
i n the f o r w a r d d i r e c t i o n . This can o n l y be o b t a i n e d by 
emission i n the C-system i n a d i r e c t i o n p e r p e n d i c u l a r t o 
the l i n e of approach of the i n t e r a c t i n g c e n t r e s . 
6.2 f - mesons Produced w i t h I q u a l Energies i n the C-system 
The t r e a t m e n t i n t h i s s e c t i o n f o l l o w s a s i m i l a r 
method proposed by Y e i v i n , ( p r i v a t e communication). 
I n t h i s model i t i s assumed t h a t the p r i m a r y of k i n e t i c 
energy ¥ i n the C-system makes one c o l l i s i o n i n which i t P ' 
l o s e s a f r a c t i o n K of i t s energy ( i . e . K i s ag a i n t he t o t a l 
f r a c t i o n of energy g o i n g i n t o ^-meson p r o d u c t i o n ) . The 
energy a v a i l a b l e f o r TT-iaeson p r o d u c t i o n w i l l now be K ¥ 
P 
and i f n,j,(W ) i s the number of T-mesons produced, each of 
energy \tf- i n the C-system, then 
K ¥ - n m(W ) . A 6 , V p _ T p' w . 
The m u l t i p l i c i t y r e l a t i o n of e q u a t i o n 8.7 can be expressed 
i n t he C-system as 
i i J W ) - a ¥ 2 C < 16.8 T p p 
u s i n g . t h e extreme r e l a t i v i s t i c t r a n s f o r m a t i o n , E ^ _£r 
t.—p— , where % i s the Lorent z factor:- of the C-system 
2M 2 c 
Me*1 i s the p r o t o n r e s t energy, and a =- B (2 Mc ") 
The mean 1F-meson energy i n the C-system i s then 
The tT-mesons are now al l o w e d t o be e m i t t e d i n the 
C-system a t v a r i o u s angles,8 , w i t h the l i n e j o i n i n g 
the c o l l i d i n g n u c l e i . There i s not now a. unique r e l a -
t i o n between thelPmeson energy i n the C-system and L-
system, but the l^meson L-systera energy i s determined by 
i t s C-system d i r e c t i o n , 
t h e r e 
(f + w ) 
z n 
9 (A/ eos or 
k t4 
A6.10 
A 6 . l l 
I t i s r e q u i r e d t o f i n d the average p r o p e r t i e s of the 
c o l l i s i o n - d i f f e r e n t c o l l i s i o n s w i l l produce d i f f e r e n t 
d i s t r i b u t i o n s o f ] P i e s o n s i n the C-system. I f the f u n c -
t i o n R( E^ ., Ep) i s the T^-meson p r o d u c t i o n spectrum des-
c r i b i n g the average r e s u l t of c o l l i s i o n s of p r i m a r i e s of 
energy 1 ^ , then the m u l t i p l i c i t y , or average t o t a l number 
of "fPmesons produced per c o l l i s i o n i s 
16.12 
This e x p r e s s i o n d e s c r i b e s the c o l l i s i o n f o r a g i v e n E^; 
f o r d i f f e r e n t v a l u e s of E ^ the numbers of p r i m a r i e s w i t h 
energy I i s d e s c r i b e d by e q u a t i o n 8.3^s(E ) '~ A 1 ~ S 
P P P 
so t h a t the spectrum of H16S0HS from the f i r s t c o l l i s i o n 
w i l l be a f u n c t i o n of R ( l ^ ) and it( E^ ,, E^). The propaga-
t i o n of t h i s "Jpmeson spectrum i n the atmosphere has been 
considered i n Appendix 3. The d i f f u s i o n e q u a t i o n , 
193. 
e q u a t i o n A3.1 w i l l now be 
J MA6.13 
where E ' * E -s p • c . 
57 
Since the p r o b a b i l i t y of s u r v i v a l t o depth x f o r a 
p r i m a r y i s e~ x/^P, the p r o b a b i l i t y of j u s t one c o l l i s i o n 
i s -f- The dependence of the s p e c t r a i n t h i s d i f f u s i o n 
e q u a t i o n on x i s then 
The s o l u t i o n of 18.13 i s then ( \p- V-.- <V ) 
A6.14 
% - A 
t* e A6.15 
•if 
or F ( E ) = I f / f t ) = f ^ . m ^ ^ f ? A6.16 
I n o r d e r t o e v a l u a t e the average valu e of the i n t e g r a l i n 
e q u a t i o n A6.16, we have t o i n t r o d u c e an e x p r e s s i o n f o r the 
TT-meson an g u l a r d i s t r i b u t i o n on p r o d u c t i o n , f ( w ) , where 






where I s J (j-t w/) ^ ^(yj) A6.21 
Thus the e x p r e s s i o n i s the same as i n the f i r s t model, 
except f o r the e x t r a f a c t o r I , which expresses the angular 
e m i s s i o n of "TP-mesons i n the C-system. 
I n b oth of these models i t i s assumed t h a t the i n e l a s -
t i c i t y i s independent of the p r i m a r y energy, and i n t h i s 
s e c t i o n i t i s f u r t h e r assumed t h a t the a n g u l a r d i s t r i b u t i o n 
i s independent of 1 . Further,because of f l u c t u a t i o n s i n 
p * . • 
the numbers of p a r t i c l e s produced, the i n e l a s t i c i t y r e l e -
v a n t t o the p r e s e n t work i s the average v a l u e . E v a l u a t i o n 
of the i n t e g r a l I w i l l now be c o n s i d e r e d i n two s p e c i a l 
cases. 
6•3 E v a l u a t i o n of I 
C o n s i d e r a t i o n of the i n t e g r a l when w .= 1 , i . e . S - 90° 
leads t o the s o l u t i o n a r r i v e d a t i n the f i r s t model. 
Emission a t r i g h t angles to the c o l l i s i o n a x i s , i n t h e 0-
system i s the o n l y way i n which "JT^siesons can be produced 
w i t h equal e n e r g i e s i n the L-system. 
195. 
I n a summary of the angular d i s t r i b u t i o n of secon-
dary p a r t i c l e s , 3 i t t e , ( l 9 6 l ) , has concluded t h a t f o r the 
11 
lower p r i m a r y e n e r g i e s ( i . e . S ^ 10 e¥) the emission of 
p a r t i c l e s i s v e r y n e a r l y i s o t r o p i c i n the C-system w h i l s t 
a t m o d e r a t e l y h i g h e n e r g i e s , 10"*" ^  E , ^ 1 0 ^ eV t h e r e i s a 
tendency f o r p r e f e r e n t i a l emission i n the f o r w a r d and 
backward d i r e c t i o n s i n the C-system. At h i g h e r p r i m a r y 
energies t h e r e i s an i n d i c a t i o n of b i a s a g a i n s t emission 
i n the d i r e c t i o n p e r p e n d i c u l a r t o the c o l l i s i o n a x i s . 
E v a l u a t i o n of the i n t e g r a l I i n the extreme cases of 
i s o t r o p i c d i s t r i b u t i o n and, forward-backward ( f - b ) d i s t r i -
b u t i o n i n the C-system has been c o n s i d e r e d by Y e i v i n ( p . c ) . 
Y e i v i n c o n s i d e r s t h a t d i s t r i b u t i o n s peaked i n the f - b d i r e c -
t i o n may be approximated by 
in - ~ — m A6..22 2. 





I s o t r o p i c d i s t r i b u t i o n i n the C-system 
This w i l l occur f o r % ~ 0 and f ^- s. \, and so 
I , --{f{i^f^ - ^j- A6.23 
196. 
The f - b d i s t r i b u t i o n i n the C-system 
Using* the d e l t a f u n c t i o n s f =. f ( w ) r 4 r [ t T (-1) 
i o t + 1 ) ] 
I 
I - 2f A6.24 
a 
A6.4 The E f f e c t of M u l t i p l e C o l l i s i o n s on F ( E ) 
1-4- «C _ s 
I n t h i s s e c t i o n the value o f ^ ' s l - q<— w i l l be 
e v a l u a t e d f o r s - 2.6 and o( - -|-. 
I f the p r i m a r y p a r t i c l e i s a l l o w e d t o l o s e h a l f of 
i t s energy i n the f i r s t c o l l i s i o n , then K^.- K - ^ t h e r e 
K^j- i s now the i n e l a s t i c i t y per i n t e r a c t i o n or " i n e l a s t i -
c i t y " , and k_. i s the t o t a l f r a c t i o n of the p r i m a r y energy 
t r a n s f e r r e d and used i n "jT-meson p r o d u c t i o n . The f i r s t 
g e n e r a t i o n TT-meson p r o d u c t i o n spectrum i s then 
a . - ( — ) / — ) 
- 7\ Jlf, \£A f r o * * A£*o 
16.26 
^ Q'Z<1 . I T , ^ 
E 
The p r i m a r y p a r t i c l e c a r r i e s on w i t h energy E =. and t h e 
S c. 
spectrum of p r i m a r y p a r t i c l e s a f t e r t h e i r f i r s t c o l l i s i o n 
w i l l be 
. 1 
- A1 £ " 
- " s 16.27 
where A' — A2 
197. 
1-s 
I f the p r i m a r y p a r t i c l e i n the second c o l l i s i o n l o s e s 
E E 
S "O 
___ -r —j- ^  t h e n L ? k^-^ and the second g e n e r a t i o n spectrum 
of 7]-raesons i s 
i ' IT / r \ 2 . ( _ r ^ y 
A6.28 
^ - i " 5 i T . M - ^ 
= O l d Titjfr) 
C/ » 7.*'"° lifer) 2 ( W ^ 
S i m i l a r l y - A * I ^ V ^ A6.29 
The TPmeson p r o d u c t i o n spectrum i s then 
C e r t a i n a p p r o x i m a t i o n s have been made i n the above 
c o n s i d e r a t i o n s . The t r e a t m e n t i n the two p r e v i o u s cases 
does not i n c l u d e the f a c t t h a t the i n e l a s t i c i t y , K , v a r i e s 
w i t h E or t h a t f o r low en e r g i e s , a l a r g e r f r a c t i o n of the p / 
t r a n s f e r r e d energy goes i n t o "fpmeson p r o d u c t i o n . There i s 
some e x p e r i m e n t a l i n d i c a t i o n a l s o t h a t a t the p r i m a r y 
e n e r g i e s c o n s i d e r e d h e r e , the l o s s of a h a l f of the p r i -
mary energy i s an o v e r e s t i m a t e , and t h a t a more a c c u r a t e 
v a l u e would be 0.4. 
The summation t o „o i n e q u a t i o n A6.30 i s j u s t i f i e d 
when i t i s remembered t h a t the i n t e r a c t i o n l e n g t h f o r 
19 
_2 p r o t o n s i n a i r i s r"70 gm.. cm and t h a t a p r i m a r y p r o t o n , 
i f i t c o u l d s u r v i v e w i t h s u f f i c i e n t energy would make~14 
c o l l i s i o n s b e f o r e r e a c h i n g s e a - l e v e l . 
199. 
Appendix 7. The E f f e c t of F l u c t u a t i o n s i n "TT-meson Pro-
d u c t i o n . 
7.1 The E f f e c t of F l u c t u a t i o n s 
The measured m u l t i p l i c i t i e s of charged "P"_inesons, M c > 
show a wide d i s t r i b u t i o n f o r a g i v e n p r i m a r y energy E . 
P 
The best l i n e t h r o u g h the data can be r e p r e s e n t e d on the 
Fermi model of TP-meson p r o d u c t i o n by e q u a t i o n 8.6, and the 
t o t a l number produced by e q u a t i o n 8.7, 
nJE ) = BE * A7.1 T p' p 
where B = 4.5 and o< = -jj-. 
On the l o g M - l o g E p l o t of f i g u r e 8.3 the f r e -
c P 
ouency d i s t r i b u t i o n o f l o g M f o r a g i v e n l o g E can be 
c p 
c o n s i d e r e d c o n s t a n t f o r values of M i n the range 
c 
where j •= 3. Thus the p r o b a b i l i t y of l o g Mc o c c u r r i n g i s 
c o n s t a n t i n these l i m i t s , 
P( l o g Mc ) i= c o n s t a n t A7 . 3 
The d i f f e r e n t i a l p r o b a b i l i t y , f ( , of a m u l t i p l i c i t y M 
o c c u r r i n g can then be r e p r e s e n t e d by 
^ I j . ^ ^ ' f c ) A7.4 
Normalisation r e q u i r e s t h a t 
- f ( H , ) A Hc - \ 
g i v i n g l.tyh*i* 
'0 3 — (HJ^ / A7.5 
The va l u e s of K a t the l i m i t s are o b t a i n e d from c 
200. 
the energy balance i n the p r i m a r y i n t e r a c t i o n , s i n c e 
E , . i l & - - i t .£,' A7.6 
where i s the l o s s f a c t o r i n Appendix 6, ( K ^ ~ ~ t I ' i s the 
i n e l a s t i c i t y ) and E ^ i s the mean energy of each of the 
n f p(E ) 1h-mesons produced. The Ttmesons are assumed i n 
t h i s model t o be a l l produced w i t h equal energy. I t i s 
f u r t h e r assumed t h a t i n the simple model t o be used t o 
d e r i v e the yH-meson p o s i t i v e excess t h a t the p a r t i c l e s are 
e m i t t e d i n a forward-backward d i r e c t i o n i n the C-system.. 
Those T^-mesons e r a i t t e d backwards i n the C-system w i l l have 
low energy i n the L-system and the ^ -mesons from the decay 
of the "jPmesons w i l l a l s o have low energy. Thus most of 
the energy t r a n s f e r r e d by the p r i m a r y w i l l be c o n c e n t r a t e d 
i n the f o r w a r d d i r e c t e d "fl-mesons ( i n the C-system). 
The v a l u e of ( l ) can then be d e r i v e d from c'max 
( n m ( E )) 
T v 'max . . ^ 
The v a l u e of I i s g i v e n from e q u a t i o n s A7.7 , A7.8 w i t h j =. 
1. I n s e r t i n g the v a l u e s f o r B and k - (4.5 and 0.40 r e s -
'ft 
p e c t i v e l y ) then 
( a c ) m i n = 0.86 E S A7.10 
201. 
I 
(M ) = 6-6 A 7 . l l 
c 
7.2 The M u l t i p l i c i t y Spectrum of Ip-aeaons 
The number of i n t e r a c t i o n s t a k i n g place i n which 
n T ( E ) T-mesons of energy E_. are produced, i n the i n t e r v a l 
& E . a t E , i s 
A7.12 
where f l M T ^ p ; y - ^ ( t ^ ^ ^ / f r o m A7.5 
Th en 
'T fo) A7.13 
From A7.1 and A7.6 
kx (i -
^^TT = ' h / f j ' ^  A7.14 
so t h a t 
or 
M/^))^ = l ^ U j j / 4 * '"^ ^ A 7 - 1 5 
7.3 The, E f f e c t of F l u c t u a t i o n s on the P p s i t i y e - a e g a t i y e 
R a t i o of TT-iaesoaa 
I f R^M ) i s the p o s i t i v e - n e g a t i v e r a t i o f o r TT-aesons, 
of energy E ^ in.'the i - t h g e n e r a t i o n , then the weighted 
( o r e f f e c t i v e ) mean i s 
where the R ( ) are g i v e n by equ a t i o n s 9.9? 9.10. 
Using the m u l t i p l e c o l l i s i o n model of i.6.4, then 
the successive c o n t r i b u t i o n s t o R ^ ( E ) are 
i fc). f^Hm,-z(t5^M +2**Mfydtit— 
A7.17 
7 .4 The E f f e c t o f F l u c t u a t i o n s ...in Mu 11 i p l i e i t j„ on. the 
"TT-meson P r o d u c t i o n Spectrum 
The charged TT^mesons of energy w i l l be d e r i v e d 
from a l l values of 14 q between the l i m i t s of equations 
A7.9, A7.10, 
Er C '.6 A7.18 
- c< 
